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This collection contains articles dealing with solar and
stellar physics as well as with the structure of the galaxy.
Nonstationary stellar processes, the theory of stellar rotation,
certain problems of physics of the solar atmosphere and its

active formations are considered.

This collection is intended for scientists working in the
fields of theoretical and practical astrophysics, as well as

for graduate and undergraduate students.
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A NEW TYPE OF SOLAR FLARE

E. A. Gurtovenko

ABSTRACT. Unusually intense emission in the Dj, D2
lines was registered photoelectrically in an un-
disturbed region near the center of the solar disk
on July 28, 1966. Various aspects of the possibility
that the emission is due to the processes of resonance
scattering or fluorescence are analyzed using both
natural and artificial comets. It is shown that the
observed emission is of solar origin. The appearance
of a spot group in the same place after its passage
over the solar disk seems to indicate a connection
between the sodium flares and the formation of an active
region on the sun.

An unusual sodium emission was observed photoelectrically at the Main
Astronomical Observatory of the Academy of Sciences of the Ukrainian SSR on
July 28, 1966, using the new ATsU-5 telescope. The principal features of the
telescope are as follows: the diameters of the coelostat and main mirror are
4LLO mm; the focal length of the main mirror is 17 m; the focal length of the
spectrograph mirrors is 7 mj; the diffraction grating is 140 x 150 mm
600 scanning lines/mm. The Abbe number near the Dl and D2 sodium lines is

approximately equal to 0.11 K/mm in the fifth order of double transmission.

Recordings were begun for D2 lines in an undisturbed region near the center
of the disk at 0622 UT. The first recording (Figure la) was off the scale at
the center of the line, suggesting a malfunction. A second, check, reading was
taken at double the scanning rate, that is, at 9.2 K/sec., instead of 4.6 £/sec.
The second trace (Figure 1lb) confirmed the picture. Only a small emission peak
in the red range had disappeared. A series of consecutive traces of sodium
emission was then obtained with the sun roughly guided into a slit to trace the
nature of the change in emission in one particular place. The sun moved per-
pendicularly to the slit about 1' between the first and second traces. Later
on this made it possible to evaluate the lower boundary of the dimensions of

the emission region. The height of the slit remained constant while recordings

* Numbers in the margin indicate pagination in the foreign text.



were being made, and was equal to approximately 7.5 mm, or 1l.5t.

Figure 1, c~i, shows subsequent traces of the same region. One of them

(Figure le) was obtained at the D1 line.

Trace scales varied. The scale along the Y-axis was reduced at the be-
ginning of the observations to avoid off-scale readings of emission peaks. The
Y-axis scale was also changed when changes were made from the D1 line to the D2
line, and vice-versa. In all cases, the intensity I, was tied in with the units
of the adjacent continuum. In those cases when the far D2 wings did not
register, they were tied in with the continuous spectrum with an accuracy of a

few percentage points.
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Figure 1. Copies of traces of sodium emission on
July 28, 1966, in an undisturbed region
of the solar disk.

Traces were obtained over different time intervals, because of variable

cloudiness. Observations were completely impossible for this reason between

sTranslatort's Note: UT - universal time, or Greenwich mean time (GMT).
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0740 and 0950. It should be pointed out that cloudiness was the primary reason 19
for our inability to obtain more extensive observations of this phenomenon. 1In

particular, we were unable to conduct spectrographic analysis.

The most unusual fact was that sodium emission was observed in an undis-
turbed region. %1 motion pictures of the disk during this same period and
during preceding hours of the day, failed to detect any evidence of activity
in this region. Figure 2 shows an Ha filtrogram with the slit of the spectro=-
graph drawn on the disk for the moment of registration (the dash shows the
position of the spectrograph slit in the region where the sodium flare was

observed). The coordinates of the center of the slit are ¢ o +8°, L o 252°.

The rarity of this phenomenon caused many people to doubt the solar origin
of this emission. Sodium emission also can be observed from comets, artificial
or natural, as well as from the sun. Therefore, we will analyze, briefly, the
possibility of such emission from a quantitative point of view.

An Artificial Comet in Interplanetary Space
or in the Upper Atmosphere of the Earth

The wavelength of the center of emission was established with respect to
telluric lines of water vapor, for which, from reference [1], we have:
) = 5877.226, 5887.664, 5888.708, 5891.186, 5891.665 A. The wavelength of the
emission on traces Nos. 2-4 was 5889.838, 5889.849, and 5889.853 K, with an
error not in excess of *0.005 K, and the corresponding radial velocities were

-7, =6.5, and =6 km/sec.

The mean altitude of the sun during the observation period was about 44°,
so the radial velocity of the emission source relative to the earth was
approximately 5 km/sec. We can assume to be unrealistic the possibility of so
high a radial velocity for a sodium cloud ejected from a rocket, or from an

artificial earth satellite.

The only way an artificial sodium cloud can be observed on the disk of the
sun under the usual conditions prevailing in the upper atmosphere, or in inter-
planetary space is in absorption (resonance scattering). However, let us
suppose that it is possible to artificially excite the sodium in such a cloud.

The total intensity of the F emission in the D_, line, computed from the first

2
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Figure 2. H filtrogram of the solar Figure 3. A young sunspot group that
o

formed on August 29, at

0528 in the region in which

the sodium flare was

observed.

disk on July 28, 1966, at
0630 (the dash shows the
position of the spectro-
graph slit in the region
in which the sodium flare
was observed).
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trace (see Figure la), is 0.27 equivalent A, or 7.3 =« 105 erg - cm'-2 X sec

ster_l. This magnitude is the lower boundary of the emission.

The total energy flux from 1 cmz on the boundary of the emitting cloud was
mF > 2.3 106 erg - cm—z -~ sec—l. The angular size of the cloud was at least
1' at the start of the observations. A sharp emission peak was observed for
about 30 minutes, and during this time the emission had a radial velocity with
respect to the earth of about -5 km/sec. Consequently, the distance to the
cloud at the start of the observations was at least 9000 km, and its diameter
was d > 2.7 km. The total power radiated by the cloud in the D_ line was

2
17 erg/sec, or 5 - 107 kw. It is quite obvious that no

md2 « mF > 5 « 10
artificial excitation of the sodium in a cloud such as this could provide so

powerful a radiation in the D2 line.

The excitation of sodium lines by ultraviolet solar radiation (the fluore-

scence mechanism) can be assumed. It is perfectly clear that this mechanism




could be effective only when strong emission lines are present in the spectral
region near the boundary of the main sodium series (A = 241 millimicrons).
However, let us make a gquantative appraisal. Let us introduce a sodium atom
scheme with three energy levels and a continuum. Let us designate levels 325,
32P, and 425 as 1, 2, and 3 respectively, and ignoring excitation and ionization
by electron collision, as well as the effect of line radiation, let us write

the equations of stationarity for three levels:

m,Cy=n,Ay + Rin* n,, (1)
A 3 + Rttt = A, + 1,C,,
Ryntn, = n,A;+-n,C,.

The recombination coefficients, Ri’ only differ by a factor of three for

temperature values T = 200 and 2000°.

The density of the radiating field required to find the photoionization
coefficients was determined by taking dilution at a distance of 1 atomic unit
into consideration. The basic parameters for computing the coefficients Ci
and Ri’ were taken from Allen's handbook [2]. Assuming nt = n_s Eq. (1) yields
om 5 10713 n, .

Let us assume the maximum weight of the artificial comet to be 5 - 106 grams.

It is easy to show that the total number of sodium atoms in a unit column on
18

the line of sight to such a comet is N1 < 107°. The mechanism of fluorescence
provides a total number of radiating particles in a unit column for this N1 of
N, <5 - 105. From observations N, = QﬂF/AZIhv > 6 o lO10 in the sodium flare. /12

A Natural Comet

It should be pointed out that no comet was observed near the sun on or about
July 28, 1966. However, cases of passage of faint comets, those in positions

that are unfavorable for observation as they approach the sun, are not excluded.

What follows from the data on the total mass of the head (for example, the
data in reference [3]) and from the data on the total number of particles in
the comet, or on the density distribution of particles at various distances
from the nucleus [4, 5] for comets observed at distances from the sun on the
order of 1 atomic unit, is that in the line of sight, the total number of

. R . . 11
particles of atoms, or molecules of various compounds, is not in excess of 10
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to 1013. Undoubtedly the condition Nl(Na) < 10"° also is satisfied for sodium

atoms. The D1 and D2 lines are rarely observed in the spectra of these comets,
and emission in the most intense lines and in the CN, C2 and other bands [6],

are many orders of magnitude less than in the sodium flare of July 28, 1966.

Cases of comets passing through the solar corona at perihelion are extremely
rare. In these comets emission in the D1 and D2 lines is intense. The first
quantitative results of spectral investigation of the comet Ikeya-Seki 1965 f
to appear in print [7] make a detailed discussion of this gquestion unnecessary.
The comet was at perihelion on October 21, 1965 at 0430 at a distance of
350,000 km from the photosphere. According to the data from the spectral
analysis of photoelectric observations of this comet made on October 20, 1930,

1. ster-l, and

the total emission in the D2 line is about 500 erg - cm-2 - sec
the total number of particles in a 1l cm2 column on the line of sight is
stw 3 . 107. This value is at least three orders of magnitude less than the

lower boundary of the value of Dz emission in the sodium flare of July 28, 1966,
and approximately one order of magnitude less than the sodium emission in the

bright "metallic" prominences [8].

Thus, if we ignore considerations based solely on guesses as to the possibi-
lity of a collision with the sun, or of the passage of some hypothetical cosmic
body through the corona, we should conclude that the sodium flare was of solar
origin.

The emission shift due to radial velocity (=0.13 K), brought out in the
telluric lines, has the same order of magnitude with respect to the lines of
the solar spectrum because the radial velocity of the earth's orbital motion
with respect to the sun was approximately -0.2 km/sec on July 28, 1966. Given
this shift, hydrogen emission undoubtedly would be observed with an Ha—filter,

[«]
the halfwidth of whose transmission band is 0.5 A.

A strong sodium emission such as this, and without hydrogen emission, could
occur in a layer of the solar atmosphere with a comparatively low temperature
(T < 8000°), in which hydrogen excitation is determined only by the field of
photospheric radiation. Moreover, compaction of material accompanied, possibly,
by a reduction in temperature, should occur in the area of the sodium flare.

The nl(Na) and n_ concentration increases with an increase in the compaction

/13
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of the material. The density of the upper levels of the D1 and D2 lines in-
creases proportionally with ne X nl(Na), the result of excitation by electron
collision. An increase in n.s decreasing the degree of sodium photoionization,
results in an additional increase in nl(Na), and in addition, increases the
number of recombination transfers, thereby increasing the brightness of the D1
and D2 lines. Now, if there is a temperature decrease in the sodium flare region
the sodium ionization by electron collision will also decrease. The decrease

in collision transfers 1 - 2 is insignificant when the temperature decreases

because, according to the computations in [9], the drop in z takes place more

12

slowly than does that in z when there is a reduction in temperature.

1i
However, a detailed discussion, and final conclusions as to the mechanism

involved in sodium excitation in these flares,; can only take place and be arrived

at in a sufficiently broad spectral range on the basis of photographic observa-

tions. There is no doubt that emission in the sodium flare should be observed

in the metal lines, the excitation conditions for which are close to the excita-

tion conditions for the D1 and D2 lines.

We should note one more striking fact. After one rotation of the sun, a
large field of Hd-flocculae was observed in the same region in which the sodium
flare was recorded. The field was relatively weak, its boundaries indistinct.
Individual flocculae had a friable and fissured structure. The configuration of /14
the flocculae changed significantly during the day. A small filament appeared
in the floccular field on August 23, and by August 29, a young active region with
a sunspot group had appeared (Figure 3). In a subsequent passage across the
disk, the same active region was seen from September 14 to 20, and was observed
as part of PFP-ALERT, the international program. An anomaly of this region is
a latitude that is low for an initial cycle. Its appearance can probably be

related to the continuing activity of the old cycle.

The most interesting phenomena in this region, according to lookout Hd
observations at the Main Astronomical Observatory of the Academy of Sciences of
the Ukrainian SSR should be pointed out. A large filament appeared in the region
¢~ +3°, L 257° on September 15, near a large sunspot, and disappeared on
September 16. On September 20, three flares and four recurrent surges were

observed. One of the flares had a reading of 2n (Figure 4).
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Figure 4. The active region in which the sodium
flare was observed in Ha light during

subsequent passage across the disk on
September 20, 1966, at 1051.

A possible connection between the sodium flare and subsequent formation 115
of an active region in the same place is of particular interest, not only from
a scientific point of view, but also in connection with practical problems of

long-range forecasting of solar activity.
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THE PROBLEM OF THERMAL EXPLOSION IN A DEGENERATE GAS
V. V.Porfir'yev and Yu. N. Redkoborodyy
ABSTRACT: The process of hydrogen burning in a stream of

matter penetrating the degenerate nucleus of a white dwarf
is considered.

Widespread attention has recently been given to an idea advanced by Mestel /16
[1], which is that the outburst of a Nova is caused by the burning of hydrogen
penetrating from the shell of a white dwarf to the region of the degenerate
nucleus. The process of hydrogen burning under these conditions has never been
examined in detail. The purpose of this article is to investigate the possi-

bility of a thermal explosion under these conditions.

We will assume that a hydrogen flow in the form of a limited stream pene-
trates the region of the degenherate nucleus from the shell and that the
temperature, and the density, of the stream are automatically established as
the same as in the surrounding gas. To be definite, it is assumed that the

flow rate satisfied the condition

(1)

eu=const.

The rate of hydrogen depletion is determined by the expression

‘z:_?pg_ Eee (2)
@ E Ey

where X is the relative content of hydrogen in the stream material.
Since it can be assumed as a first approximation that the thermal con-
ductivity of the degenerate gas is infinitely high, the stationary problem of

hydrogen distribution in the stream can be examined. After substituting the

expressions for €pp and €cc in Eq. (2), it can be converted into

2 A
2.5-1O°p2X2(1g;)3_exp —33.8(196)

4_-5=~1 T b ,,__v__?j;‘._.f + (3)
dr v E, i T
6\ /s 6\ /s i
9,5. 103892XXCN(-1-Q-) exp [— 152.3 (-‘3) ] !
. T )| |
. B o #
‘ Eg )’ |

10
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where fp and fc are factors that take the electron shielding of the nuclei into
consideration. Eq. (3) was solved numerically on a "Promyn" electronic computer. /17
The concrete computation posited that the degenerate nucleus was isothermal,

7

that its temperature was 10'°K, that the demsity distribution was approximated
by the polytropic curve for n = 1.5 and that central density was taken as
3.7 » 106 g/cm3. The electron shielding was taken into consideration by approxi=-

mate formulas [2].

X _e Penetration into the degenerate nucleus
08 b by the hydrogen stream leads to the appear-
06 ] ance of a layer source (see figure) of
04 ) extremely small geometric thickness (of
. the order of a few percent points of the
02 ]
| radius of the white dwarf). Hydrogen
085 P burning takes place almost exclusively in
Hydrogen distribution in a stream this layer.
for pv = 0.01 (1), 1 (2), and :
100 (3). The solid lines show the The position of the layer source has

hydrogen distribution, and the
dashed lines the power distribu-
tion of the energy sources (in Practically, it can be assumed that the
relative units).

little relationship to stream velocity.

layer source appears at geometric depths

> g/cm3. This

where the density of the material reaches values of the order of 10
can be explained by the fact that given the comparatively low temperature used,
the reaction rate can be determined by conditions of nucleic shielding.

Apparently, the position of the layer source will not vary very much with small

changes in temperature.

It is probable that the results obtained will not change if some other
mechanism (diffusion, movement of the boundaries of the degenerate region, and
the like) is considered as the reason for hydrogen penetration into the nucleus,
rather than a stream. The appearance of a thin layer source in the depths of 118
a star results in heating of the material. An interesting question is that of
the space-~time distribution of temperature in the immediate vicinity of the
layer source. A possible approach to the solution of this problem will be dis-

cussed in a later article.

11
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A THEORY OF NONSTATIONARY NONADIABATIC SHOCK WAVES

I. A. Klimishin

ABSTRACT. The Chiznell-Wizem method, which permits finding
approximate changes in parameters at the shock wave front is
generalized to account for energy losses attributable to
ionization and radiation. These losses are estimated for
the particular case of shock wave motion in the shell of a
red giant. The case of isothermal shock waves is considered.
It is shown that the velocity distribution of a shock wave
in the atmosphere of an RR Lyrae type variable can be ex-
plained by a solution based on the assumption that the shock
wave is not completely isothermal.

A number of approximate methods have been developed over the past 10 to 15 /19
years to solve equations of cosmic hydrodynamics because every year the number
of investigations made of the physics of nonstationary stars (outbursts of
novae and supernovae, pulsations, the efflux of matter from stellar atmospheres,
and others) grows ever larger. A summary of these approximate methods is con-
tained in references [1-3], which discuss their shortcomings and list in brief
the problems, solutions of which were obtained by some one particular method.

However, most of these methods are limited to the concept of adiabatic motion of

a shock wave.

Possible energy losses due to ionization and radiation can be accounted for
by the Brinkley-Kirkwood (B-K) method. But it is easy to show that this method
is totally unsuited for a description of the motion of a shock wave in the outer
layers of a stellar shell and in stellar atmospheres, because the force of a
shock wave is greatly overestimated as compared with that found by other methods;

by the Chiznell-Wizem (C-W) method, for example.

The simplicity of the Chiznell-Wizem method (the convenience in making the
computations) makes it appropriate to generalize it for the case of nonadiabatic
shock waves. This presents an opportunity to analyze the influence of energy
losses attributable to ionization with motion of the shock wave in the cold

shell of a star of late spectral class, and of energy losses attributable to

13



luminescence when the shock wave reaches the surface of the star. We will
generalize this method for the case of nonstationary isothermal shock waves,

as well, in order to interpret the observation data on the motion of shock
waves in the atmospheres of a number of pulsating variable stars (the RR Lyrae,

RV Tauri and others).

We should mention, in passing, that the big discrepancy in the intensity
of the shock wave obtained in reference [2], when this method is compared with
other methods, is not that this method is any worse than the others, but rather
that it is practically insensitive to an almost abrupt stopping of a piston, moving
after the wave front. This is confirmed by Case 1, cited in reference [2], for
which the results of the computation by the C-W method are close to the auto-

mobile method, and are obtained more precisely by the B-K method.

Ionization Energy losses at the Front

of a Nonstationary Shock Wave

Let us, in order to account for energy losses attributable to ionization, /20

write the conditions for the conservation of mass, impulse, and energy satisfied
at the front of the shock wave:
Pily - = Pully I
Dol py-lpatdl, i (1)
)

p
( u? ul
mh, \“'C'l + 9 2Py, ) Wy -l 9 )

where

ps, p are the gas density and pressure, respectively;
u is its velocity relative to the wave front;

w = vyp/(y-1)p + Yo is the enthalpy;

wOl—w02 =Q 1is the energy absorbed (Q <« 0) at the front of the shock wave
in the computation per gram of matter (the subscripts "1"
and "2" designate parameters before, and after, the wave

front).

The Eq. (1) system can be solved easily for uz/ul = 91/92. As a result,
we find the equation of the shock adiabat in the form

14




+1  p, )
2229 L
t_p_1—1 "5 2,
, p T_’*__l.p2+ 1 (2)
1--1 p,

. . 2
We can convert the last term in the numerator into the form 2yQ/a”, where a =
YYRT is the speed of sound in an undisturbed gas. The energy absorbed in the

computation per gram of matter can be estimated by the expression

|
24 (s + x)% (3)
i
Q=ton e
Lo Tty
i
where /21
x,,. and x, are the ionization levels for the i-th element after and

i2 il
before the front of the shock wave;

#. 1s the ionization potential;
n, 1is the number of particles of the i-th variety per unit of volume;
m is the particle mass.

In the case of what is purely a hydrogen shell Q = (xz—xl/mH)-X,and, in parti-

cular, when x, = O and x, = 1, we find that Q = 1.3-1012 e/g.

In the case of the real stellar shell of a red giant [4], when r/R = 0.9,
2

x, = 0.94, a

= 4.5-1012, and the ratio when X, = 1 proves equal to 0.098;
when r/R = 1 and X, = 0, ZyQ/a2 = 6.4,

2yQ/a2;w 10 for the shells of red supergiants of the Mira Ceti type
(T ~~ 2000-3000). From whence it follows that if pz/pl = z is not too great,
the consideration of energy losses in Eq. (2) can significantly alter the ratio

91/92, and, possibly, the velocity of the shock wave itself.

The essence of the Chiznell-Wizem method, as we know, is that the inhomo-
geneous medium in which a shock wave is propagated is a set of an infinite
number of thin, homogeneous layers, on the interfaces of which pressure and
density change abruptly. When a shock wave crosses an interface such as this,
a rarefaction wave will travel back toward the denser medium [5]. Let us in-

troduce the following notations. Let two thin media be separated by an in-

15



finitely thin layer of mass 4m = gAx. The values for the undisturbed parameters
to the left of this layer will be denoted by the subscript "1", and those to the
right by the subscript "5". The gas parameters after the shock wave front will
be denoted by the subscript "2" to the left of the layer, and by the subscript
"4 to the right. The rarefaction wave travels toward the denser medium. The
parameters after the front of this wave will be denoted by the subscript "3".
The equality u_, = u5 is satisfied because the gas is at rest prior to passage
of the shock wave, Furthermore, the rarefaction wave velocity u3 is equal to
the gas motion velocity to the right of the infinitely thin layer, uy .. The

pressure difference p5 - pl is determined by the condition of hydrostatic equili-

brium:
ps-p; = -gpdx = Ap.

Since u, = Uy the following equality, too, must be satisfied:
p,~Py = 4p = ps-p,-

Introducing the notations z12 = pz/pl, z54 = pa/ps, 223 = PB/PZ, and

xg = y-1/v+1, from the identity Py = P, + Py ~ Pgy We find
A
Z12%23 = (1 4 ;)E) 25y ““2“'”: (&)
t 1
and from Eq. (2)
K :x:_f"fz )
e,
0y 1 } }\221)_}_ :,A ‘Q (5)

Furthermore, from the known shock wave theory relationship

Wy -l == l//(l); “_/h; (pl*l> (6)
1

94

after substituting Eq. (5) in it and making simple transformations, we find

)2 232 Yy
y==1y 4 (25~ 1) fp =M °Q -——~}/ =

| P1 2t 2 (le}'") (21, — 1)
=1+ @ (24, P, 0).

(7)
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Analogously to Eq. (7) we can write

(8)

u = u

U5 T Uyt Bgui My T Up T B3

where @54 and @23 are obtained from Eq. (7) by the corresponding exchange of
subscripts. Using the condition of the equality of velocities (ul = u5,
ug = ug)’ we find from Egs. (7) and (8) that

@(zlz, Py pl)-Q(zzs, Py, 02) = Q(ZSQ’ Py, p5)- (9)

At the same time, it should be borne in mind that in the expression for §23,
corresponding to the rarefaction wave, Q = O, since there are no energy absorp-

tion processes at the front of this wave.

The systems of Eqs. (4) and (9) will yield a differential equation estab-
lishing the change in the intensity of the shock wave, z, with distance. To do

this, let us rewrite Eq. (5) in the explicit form

a0 A =X
pi(212+2) (2 F A (21— 1)
[P0yl ne’
P2 (223 +2%) p5 (254 +22)
I L A b
(250 + )‘2)(254 - l)]
Excluding from this equation the magnitudes p5 =p; * dp and 95 =90, * do, 123

ignoring squares with small magnitudes, and using Eq. (4), we find, after
simple algebraic transformations, the following differential equation for the
change in the intensity of the shock wave

K—1 Ldinp
L)) T il 4

_ ;{ K +[ ]___11_‘_"',;_,_ (11)
- b B _
Nz T (1 -0 (24 M) (2 — Ty

where

(1= L2 2Q 2004 M)z—(+M)
2(1 422 a? z(z—1)(1 -\ 12)
o whe ,
(1—=Mz@E—1at’
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K =d log p/d log P. If there are no energy losses at the front of the shock wave
(@ = 0), Eq. (11) becomes the well-known equation of the Chiznell-Wizem theory.

The derivation of Eq. (11) assumed that the magnitude of the energy, Q,
absorbed at the wave front will not change during the transition of the wave
front from medium "1" to medium "5" nor is it a function of shock wave in-

tensity. Therefore, the solution to the problem of the influence of energy

losses at the wave front on wave motion should be sought in the following order:
first, compute shock wave motion for Q = 0; then compute the ionization level

in terms of temperature T, found after the wave front, using the Saha

*o? 2
formula; and, finally, compute the magnitude of Q through Eq. (3). Equation

(11) can now be solved. The following approximation can be made, if necessary.

We note that in reference [6], the differential equation for the change in
shock wave intensity was obtained on the assumption that Q = const(z-1 )n, when
n = 1. However, the numerical solutions of this equation are difficult to apply

to concrete astrophysical problems.

Eq. (11) was used to estimate the effect of loss of wave energy attributable
to ionization on change in the intensity of a shock wave moving in the shell of
a red giant. Several years ago it was suggested [7] that a shock wave could be
the mechanism providing separation of the shell of a red giant and the subsequent 1?4
formation of a planetary nebula. However, the emergence of such a wave onto the
surface of the star would have to be accompanied by a sharp increase in the
brightness of the star, that is, by a flare (this was brought to our attention
by D. K. Nadezhin). Since one planetary nebula appears in our galaxy every
year, on the average, flares accompanying the formation of planetary nebula
should have been recorded. However, the problem of the origin of planetary

nebulae still is an enigma.

TABLE 1
AR |ndnel P2 |\ Dgm| riR {000 L2 Ty Pl D km
dlnr P a dinr y2 a
0.30 1.38 4.82 2.01 1675 0.70 474 16.87  3.70 155.4
0.35 1.51 5.35 221 1622 075 6.00 23.02 431 161.8
0.40 1.68 5.95 223 1574 080 7.80 3438  5.26 169.0
0.45 1.92 6.88 236 1535 0.85 1062 61.24  7.01 189.4 1
0.50 229 7.52 249 1508 0.90 13.44 12094  9.85 206.3 i
0.55 2.62 8.76 268 1492 095 25.02 303.15 1558 241.5 H
0.60 3.18 1047 293 1493 098 7500 1027.11 28.67 358.4 i
0.65 3.88 1297 325 1502 1.00 .- 2080000 128.22 11539
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Table 1 shows the results of the computation to find shock wave velocity

in the shell of a red giant with parameters m = 1.30 m_, R = 21 R0 [4]. Here

o
n = -d log p/d log r. The velocity of a shock wave with known z can be deter-
mined through (v = 5/3)
s -I—l “—“1'
D=a /X1 Y—1
I/ 2]’ Z+ QT . (13)

The computations were made using Eq. (11), when Q = 0; at the same time

Ar/R = 0.01 for 0.3 < r/R < 0.8 and 0.005 for r/R > 0.80.

The sphericity of the shock wave was taken into consideration during the
initial stage of motion [8]. As will be seen from Table 1, shock wave velocity
is practically constant along the entire shell, and this ensures its compactness,
even after separation. However, in those layers of the shell in which ionization
losses can be significant, shock wave intensity is high (z > 100), so the con-
tribution of the corresponding terms in Eq. (11), proportional to Q/r, is negli-
gibly small. It can be assumed, however, that the equation obtained is useful
in computations of motion of low intensity waves in stellar atmospheres, as well
as for certain problems of the motion of shock waves in planetary atmospheres,

. 2
where the ratio Q/a” can reach several tens or even hundreds.

Radiation Energy Losses at the Front

of a Nonstationary Shock Wave

In the case when the shock wave reaches the upper layer of the shell
(1 ~ 1), its motion can be determined to a significant degree by the energy
losses by radiation. Let us now present the law of conservation of energy at

the wave front of Eq. (3) in the form

12 u} (14)

L
1
U (wl + ’2) = Pylly ('wz + "2_) + Fr
where
F is the energy flux from the front of a wave traveling to infinity,

Wl = W2.

In this case the differential equation for determining the change in shock wave
intensity has the form of Eqs. (11) and (12), but, instead of Q(Q < 0), deter-
mined through Eq. (3), the following magnitude must be substituted
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F
u
P 1

Q* = - . (15)

A more difficult problem is that of the magnitude of the radiation flux, F,
from the wave front. It would be natural to assume, as was done in references
L

{7, 9], that F = UTZ. However [10], the maximum flux from the wave front in a

perfectly transparent gas leading to an isothermic shock wave, is

1
Foax =20 (16)

so that its relationship to the temperature after the wave front, computed for

the adiabatic case, is determined by the relationship

e o L [1RT,Y
max D) 3

Assuming that the luminescence after the wave front is a maximum such that
the wave becomes isothermic, we find, from Egs. (15),and (16) (if the gas before

the front of the shock wave was quiescent, u, = D), that /26

1

2

Q* = - =D

1
2 T
. 2 2,2 2 . . .
and the magnitude of 2yQ/a = yD"/a~ = yM~ can attain considerable size. Con-
sidering furthermore that for isothermic shock waves p2/p1 =2z = yMz (here a,
as before, is the adiabatic speed of sound), we obtain 2yQ/a” = z. Substituting

this expression in Eq. (11) and (12), we can greatly simplify the latter, after

which the numerical solution is elementary.

Using Eqs. (11) and (12), we computed the motion of a shock wave in the r/R =
0.90 to 1.0 layer of a model of a red giant, on the assumption of total lumin-
escence. The density on the 'surface'" of the model was taken as 10_10, the
temperature as T0 = 4860°. The optical thickness of this layer was T ~ 1.5,
and the coefficient of opacity was computed using the Beam-Vitense data [11].

A shock wave breaking away from the shell of a red giant will reach the level
r/R = 0.90 with a velocity of the order of 400km/sec for the initial assumptions

made. On the surface, without loss by radiation taken into consideration,
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D » 1200 km/sec, but when maximum loss by radiation is considered, the velocity
of the wave decreases to 970 km/sec upon reaching the surface, that is, by about
15%. Thus, when the shock wave reaches the observed layer of the stellar shell,

there is a noticeable decrease in its velocity as a result of luminescence.

We should, however, beam in mind that the optical thickness of an undis-
turbed gas can increase significantly as a result of heating of the gas ahead
by the radiation flux from the wave front. As a result, the radiation produced
in the intermediate region of the heating zone [12, 13] tends to infinity, and
the drop in velocity of the shock wave upon reaching the surface layer of the

star will be less than that found.

Isothermal Nonstationary Shock Waves

As we know, one of the most characteristic anomalies of a series of variable
stars (RR Lyrae, W Virgonis, RV Tauri) is the presence of discontinuities in the
radial velocity curves for these stars; and a convincing argument can be made for
periodic motion in the atmospheres of a number of pulsating variable shock waves
of comparatively high intensity. At the same time, apparently due to a sharp
decrease in density with altitude, the velocity of the shock wave increases from 127
the speed of sound at the boundary of the photosphere to several tens of kilo-

meters per second in the upper chromosphere.

Since the motion of the shock wave takes place in quite a rarified medium,
the optical thickness of which is significantly less than unity, it can be
assumed that as a result of sharp luminescence this wave will be isothermal.
Here, generalization of the Chiznell-Wizem method for the case of isothermal

shock waves is of interest.

In an isothermal shock wave y = 1, so we can write Eq. (2) in the form

’ (17)

I
1
I
I
=

Ms = D/as and a = YRT is the isothermal speed of sound.

Substituting Eq. (17) in Eq. (6), we find the following expression in place of
Eq. (7)
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u,=u - (2, — l)as/l/z—,z,

®=(z—1afVz. (18)

so that

Considering that jbl/pl = Jpz/p2==Jb5/p5 = a_; and substituting the values of
8 (z, p, 9) according with Eq. (18) in Eq. (9), we obtain, in place of Eq. (10)

VE;E Vzg3 V—z_;,i ’ (19)

212—1_213_1=254—“1

from whence, using Eq. (4), after simple transformations we obtain the following
differential equation for determining the change in shock wave intensity with

distance _
dz 2V =z(z—1) dlnp
dinr z4+2V z+1 dinr’

(20)

The solution of this equation for a given pressure gradient is easy to obtain in

quadratures.

Let us now consider two cases of pressure (density) distribution in the

atmosphere of a star.

TABLE 2
z l 1.5 ! 2.0 | 2.5 l 3.0 l 5.0 I 7.5 ’ 10.0 \
¢ (2) --1.757 - 0.363 0.495 1.108 2.655 3.816 4.705

v (2) 1.581 3.992 5.891 7.571 13.289 20.931  28.403

' 15.0 l 20.0 . 50.0 ‘ 100.0 l 200.0 ‘ 500.0 ‘ 10060.0

5.985 6.9635 10.630 14.396 19.293 28.485 38.466

44.220 61.240 185.58 457.68 1176.4 42771 11609.0

(1) The atmosphere is in equilibrium prior to passage of the shock wave.
In this case the density distribution in an isothermal atmosphere can be written

in the form
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= e s
P Po ’ (21)
where
g is the acceleration of gravity on the '"surface" of the star, i.e.,
at the photosphere-chromosphere boundary.
Then, if R is the radius of the star,
dinp dln R
e A T} (22)
dinr dinr a
and the solution of Eq. (20) has the following form
- (23)
?(2) — 9(2o)=Aln -=~A4~= (h<KR),
Ty R
where
@)=V z+2Wm(V z— 1) (24)

z, is the value of the shock wave intensity at the point r = rye Table 2 shows

the function $(z) in terms of the, argument.

(2) The shock wave moves in an atmosphere already disturbed by a previous
shock wave. This is the phenomenon observed in variables of the RR Lyrae, W
Virgonis, RV Tauri, and certain other types. At the same time, periodic shock
waves can cause the density distribution in the atmosphere of the star to differ
significantly from the law of Eq. (21). In the simplest assumption that can be
made as to the isothermality of shock waves, the density at given level h,

directly before the arrival of the shock wave, can be evaluated by the expression

[12] oh
o
pr=ppe % (25)
Then, taking u, = -D, such that /29
P2 lpy=2=4M;, (26)
we obtain a differential equation for shock wave intensity
dz 2(z—1
oAy, U . A (27)
dinr Vez@E+2y z4+1)
Its solution is
9(2) -~ b(z) =4AIn —r-r::4A% h & R), (28)
ry
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where

ALy p Z 1.
¢(4)—3Vz[z—{—31/z—l—6]+21n(1/z 1) (29)

Table 2 also lists the values of the function ¢(z) for a series of z.

Let us now compare the solutions obtained with the observation data for
the star RR Lyrae. The isothermal speed of sound in the atmosphere of this
star is a = 7.52 km/sec. Taking g = 770 cm/secz, and R = 4.6°1011 cm, we
find that A = 632. According to Preston's data [15], when the brilliance of the
star is practically at its minimum, a sharp shift occurs in the metallic lines
in the violet direction, and 0.015 (736 sec) later the H and K Ca II lines
split, and 0.09 (4420 sec) later the Ha line splits. The relative shift in
the violet and red components of the absorption lines on the H and K Ca II
level is Av = 76 km/sec; on the Hd level, the shift is 112 km/sec. Converting
from radial (star) velocities to radial velocities, with the effect of darken-

star)’
and taking the velocity of the gas upward after the wave front to be equal to its

ing the disk toward the 1limb taken into consideration (urad = (24/17) v

gradient downward before the wave front, we find, from the law of convervation /30

of mass, that

o1 (D_ul):()Z (D — uy),

94 o /et 1 (30)
D==". " 2f{c 3 " ,

17 2 (x—~—l)

where

X = 92/91 = 4 in the adiabatic case and x #+ » in the isothermal case.
Thus, what follows from observations is that in the isothermal case the shock
wave velocity at the level at which the H and K Ca II lines are formed is

D = 54km/sec, and at the level of the formation of the Ha line, D = 79 km/sec.

It can be assumed that at the level of the metals, the shock wave is
weak, and its velocity only slightly exceeds the adiabatic speed of sound

(a = 9.65 km/sec). We will assume that it is equal to 12 km/sec.

As we know, the height of formation of the H and K Ca II lines in the
solar spectrum is approximately twice, and the height of formation of the
Ha line is approximately ten times, the height of formation of the metallic
lines above the photosphere. We posit that an analogous stratification is sustained

in the atmosphere of the RR Lyrae, although the conditions for spectral line
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formation here are more complex. Taking the mean velocity of wave motion
between the metallic levels and the H and K Ca II lines as D = 33 km/sec, we
find the relative distance between these levels to be 0.24°1010 cm. Movement
from the H and K Ca II level to the H level takes place at a mean velocity of
66.7 km/sec in a time of 3680 sec, the distance between the levels is 2.L46. lO
cm, and the height of the Hd level above the metallic level is 2.70-1010 cm,
From whence we find the corresponding heights of the levels (in meters of line
10

1
formation above the photosphere) to be: h = 0.30°10 o cm, hCa T = 0.54-10 cm,
10

11
th = 3,100 cm. If R = 4.3.10°" cm, then h/R = 0.0065, hca II/R = 0.0117,

th/R = 0.065.

Now we find the shock wave velocity at the H level, proceeding from the
solution of Eq. (27). Taking the velocity of theawave at the level of the
photosphere to be 10 km/sec, we obtain z, = 7.12, ¢(zo) = 18, y(z) = 182,

= 50, and D = (as /2) /z = 6.2 km/sec. This value is one-third the observed

value.

But if the solution of Eq. (23) is used, that is, if it is assumed that
the density distribution in the atmosphere of the star is close to the equili-
brium of Eq. (21), and if it is considered that the downward gradient for the
gas is equal to the upward velocity of the shock wave, that is, that z = hMi,
then when z, = 7.12, we find that ¢(zo)fe 3.5; y(z) = 44,6, z = 1400, D = 140
km/sec, which is about twice the observed value. We should note that if we

take the atmosphere before the front of the shock wave to be stationary, then

2
z = Ms and D = a V1400 = 280 km/sec.

If, however, we assume the shock wave moving in the atmosphere of an RR
Lyrae to be adiabatic, then a more or less acceptable value of the velocity at
the Ha level will be obtained only if the density distribution before the front
of the shock wave is given by Eq. (25). The values of the stellar parameters
taken above from the computation of Egq. (11) when Q = O, yield a velocity of
DHa;w 70 km/sec. If, however, the distribution of Eq. (21) is used, then
D ~ 2000 km/sec. Thus we can probably assume that the density distribution
in the atmosphere of a pulsating variable in the presence of periodic shock
waves is satisfactorily described by Eq. (25), and the moving shock wave is

not completely isothermal. And we do not doubt the values of the stellar
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parameters g and R, In particular, if we double g, we can obtain better

concordance between the observation data and the solution of Eq. (28).

In conclusion, we note that, despite the approximation, the Chiznell-
Wizem method does not permit us to draw definite qualitative conclusions even
if we consider energy losses attributable to ionization and luminescence. The
application of more rigorous methods to the computations will scarcely change

the qualitative conclusions arrived at in this article.
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EXCITATION SOURCES IN THE CHROMOSPHERIC ﬁx LINE

R. I. Kostik and T. V. Orlova )

ABSTRACT: The distribution of the excitation sources in
the chromosphere was determined from the observed contour
of the qx line. Resonance scattering is the principle

source of chromospheric excitation up to 3500 km below
the photospheric level. Beginning from h = 5000 km, qx

radiation results from intrinsic excitation sources only.

It is customary when studying physical conditions in the chromosphere to 433
assign some definite mechanism of atom excitation and to compute the line con-
tours at different heights [1=3]. Then, after comparing the observed and
computed total intensities, it is customary to draw conclusions as to the
excitation sources of these lines. It is more difficult to find the distribu-
tion of the excitation sources directly from the observed contour. It is to

this problem that we devote this article.

As we know [4], the energy sources, g(t), can be found through the equation

1,
gm=3m~§5mu—mwwwm ()

vhere b

t and to are the optical depth and the thickness of the chromosphere along

the line of sight, respectively;

2 is the probability of survival of a quantum during a unit event of

diffusion;
e R
mw=Hamm}§ﬁmawmwm
a(x) = e~*.

In this equation the source function B(t), as well as g(t) is unknown. The

source function can be found through

to
/(tme,x)==5‘B(ﬂa(x)€_“”7’“°°sec6dt (2)
0
Egs. (1) and (2) are valid if the atoms have only two discrete levels,
if the frequency of the radiated quantum is completely independent of the
frequency of the absorbed quantum, if the indicatrix of diffusion is spherical,

and if energy absorption in the frequencies of the continuous spectrum is
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negligiby small.
(1) and (2) can be replaced by the following system of matrix equations

Egs.
£51: AB + G=0, }
I—CB =0, (3)
where
A=[aik-6ik]; C=[cjk] (iy, Kk = 1, 2y ooy m);

m is the number of subdivisions of the optical thickness, TO’ in the
intervalj

aik is the Kronecker delta.

The matrices B, G, I are given by the columns

[ B(%) | i 3)
(2) g(z
5 B(aﬁa> g(wfz‘)
== 2 , G= 2
3 Tm—.l‘l"cm Tm—1+ Ty
RG] B G e
I{, 8, x)

]= 1(":0: .01 x:)

(%o, B, x,).

Matrix elements A and C are computed through the formulas

T

x k
Qg = ‘)E _S k ( t — A )dt' Cip = S a(x;) e—o(¥ tsecdsecOdt.
k-1 “r—1
The Eq. (3) system yields
! (&)

G = -AC © I.

The solution of Eq. (4) is unstable [5, 6] in the sense that small changes

in I(‘to, f, x) correspond to big changes in B(t). Reference [6] proposed an

[34

approximate method for solving this problem, one that expands the source function

in a power series of the optical depth, and then applies the least squares

method. The result is



G = =ASI, (5)
n
where S = [s;]; s,j=2 ! d,,; 4} =(PP)~' P, P is the matrix of transposition
=1
to the matrix P. The matrix elements P = [pil] are found through

Piu= (Z___I)_P' 1 + té“‘l e {x;) t;sec d

a(x;)sech SRR

Pa=1—e 0N im0 m, I=1,2,.. 0

where n is the number of terms in the expansion of B(t) in summation form in

powers of t, with m > n.

Thus with the contours of the chromospheric lines, and with the matrix AS
from Eq. (5) available, we can find the distribution of excitation sources in

the chromosphere.

Chromosphere observations were made with the ATsU-5 horizontal solar tele-~
scope in the Main Astronomical Observatory of the Academy of Sciences of the

Ukrainian SSR in November 1966. One spectrogram with an qx line, obtained on

November 23, 1966, was chosen from a series of spectrograms. The angle between

the direction of the slit and the tangent to the limb of the disk was about 34°.

Photographs were taken in the second sequence, where dispersion in the ﬁx

[o]
region was about 1.2 A/mm.

Photometric processing of the spectrograms was done on an MF-4 microphoto=-
meter with an automatic recording attachment which allowed us to record

intensities on the recorder tape [9]. Recordings were made of 11 photometric

levels, corresponding to heights of 1500, 2000, ..., 6500 km above the level of

the photosphere, which latterwas established by the method used by V. A. Krat
[7]. The profiles of the photometric levels are shown in Figure 1 [h = 1500
(1); 2000 (2); 2500 (3); 3000 (4); 3500 (5); 4000 (6); 4500 (7); 5000 (8);
5500 (9); 6000 (10); 6500 (11) km]. The given geometric heights correspond to

particular optical thicknesses. If the number of atoms per unit volume decreases

with height above the level of the photosphere according to the law e-Bh, then
the optical depth in the direction of the radius is

t(r) = 5 ag e dr,

r

(6)
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where

(o)
0

B is the logarithmic gradient.

is the coefficient of absorption in the center of the line;j

The optical thickness along the line of sight at height h above the level

of the photosphere can be found through the following equation, as was shown

3R
to () == o, l/ “_pie b,

in reference [2]

Since

then

- %

B

To »

to () = mfle - l/ Zgj

(7)

We will take the optical thickness of the chromosphere in the radial

direction to be equal to unity and three, and we will assume that B = 1.0 ., 10°

cm (for the ax line).

photometric level (Table 1).

3

Then Eq. (7) makes it easy to find to(h) for each

The AS matrices were computed for these values of

to. The integration range [O, tO] was divided into nine intervals (Figure 2);

!
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Figure 1.

n

'--..: oa.‘
0

that is, m 9.
were chosen for the dimensionless

frequency X = AX/AXD: 0.0, 0.3, 0.6,
1.0, 1.3, 1.6, 1.9, 2.2, 2.6. Multi-

plying the square AS matrix by column I,

The following values

we obtain the unknown energy sources at
optical depths r (in to units), respec—
tively equal to 0.01, 0.05, 0.14, 0.30,
0.50, 0.70, 0.86, 0.95, 0.99. The
Doppler halfwidth of the Ha line was
assumed to be constant at all heights,

o
and equal to 0.460 A.

The distribution of the excitation

sources, g(t), along the line of sight at various heights above the photosphere

level is shown in Figure 3 (the optical depth in tO units is plotted on the
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TABLE 1. ) ag} i
to ~——008
km 020
A, T,=1 T,==3
040
2060 7.2 222 o
2500 4.2 12.6 060
3000 2.4 7.2
3500 1.4 42
4000 0.8 2.4 080
4500 0.47 1.4 092
5000 0.27 0.81 058 |
5500 0(1)8 843 190
6000 0. .2 )
6500 0.05 0.18 Figure 2.

o —
3 [115)

Tonl

fa~— - \\—&.___--/
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“r \\—‘._—/
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02+ '0175-\\,\___//

0 05 1 0 a5 z/t:
Figure 3.
X-axis, and the values of g(t) in units of the continuous spectrum of the photo- /38

sphere are plotted on the Y-axis).

The values of g(t) are the sum of own sources of energy and sources attribu-
table to photospheric radiation, The distribution of excitation sources in the
chromosphere caused by photospheric radiation can be described by the formula [8]

g("'o-—‘t) =
B
o
= 9 VT—T-' lo (x) o (x) Ez [« (x) (To — 't)] dx,
where g
w is the dilution factor;
Io(x) is the absorption contour of the %x line in the spectrum of the photo=-

sphere.

It is obvious that g('l'o - T) must be computed for thosevaluesof To = T (Figure 4),
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corresponding to depth t along the line of sight, and linked by the following

relationships [3]

t = %fo (/z)[l - %fe—m],

1 s
= ——t (e R,

V27Rp

Aa

Figure 4.

The following table was compiled for convenience in finding T in terms of known
values of t:

t/t, 0.01 0.05 0.14 0.30 0.50 0.70
t/ty,  0.0010 0.0039 0.0087 0.0132 0.0152 0.0132
0.86 0.95 0.99
0.0087 0.0039 0.0010

Computing the values of g('l'0 - T) from g(t), we obtain own excitation sources

(Table 2).

Table 3 lists the relative share of own excitation sources (averaged along

the line of sight). Table 3 shows that up to a height of about 3500 km the

basic source of chromospheric excitation in the Hon line is resonance scattering

of photospheric radiation. Beginning at h = 5000 km, emission from the Ha line

is almost totally attributable to internal excitation sources.
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TABLE 2.

9rot™Iphot
=1
e, e—— - Y | e
£=2.4 | ty=1.4 | £{,=08 |#=0.17 !4,:0.271 £,~0.16 | £,=0.09
| | .
0.01 0.036 0.040 0031 0.087 0045 0208 0.360
0.05 0.027 0031 0.047  ODbd 0142 0203 0.365
.11 0.016 0.026 0.012 0079 0.138 0203 0264
0.30 0.007 0019 0.037 0073 013 0201 0462
0.50 0004 0017 G35 0.072 Q.33 0199 0.361
0.70 0.007  0.019  0.037 0073 003 0201 0.362
0.86 0016 0.026  0.042  0.079 0138 0.203 0364
0.95 0.027  0.034 0047 00K 0142 0205 0.365
0.99 0036  0.040  0.031 0.057  0.145 0206 0.369
_ _Jtot™Ipnot
=3
¢, — R b |
£,=0.05] t,=4.2]f,=2.4]¢t,=1.4 I°=().81’| 1,=o.fxs| £,=0.28 t,=0.15
0.01 0.470 0026 0.025  0.033  0.000 0065 0.117  0.150
0.05 0.476 0.018 0020 0030 Goi7  00h3 0115 0.149
0.14 0.475  0.000  0.013 0024 0042 0.062 0012 0.147
0.0 0473 0002 0008 0000 0059 0037 0100 0.145
0.51 0.47% 0000 0006 0018 0.037  0.056 0108 0.144
0.70 0.473 0,002  0.008 0.020 0030 0.057 0.100  0.145
0.86 0475  0.000 0013 0.024 0042 0062 0.112 0.147
0.95 0.476 0018  0.020 0.030 0047 0063 0.i5 0.149
0.99 0.479  0.026 0.025 0.033 0.050 0.065 0.i17 0.150
TABLE 3,
g9 Ftot-9ph. a
tot.“phot ., tot Yphot |40
i, Km Itot s xm 9tot
To=1 Te==3 To=1 To=3
2500 16 — 4500 79 74
3000 40 21 5000 87 83
3500 56 46 5500 91 88
4000 66 61 6000 94 93
6500 95 95
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A SPECTRAL STUDY OF ACTIVE PROMINENCES

E. A. Gurtovenko, N. N. Morozhenko,
and A. S. Rakhubovskiy

ABSTRACT: The spectra of the active prominences of July 9
and 11, 1966 are analyzed. The physical conditions in these
prominences are the same as in quiescent prominences, but
their turbulent velocities are very high and are of the same
order of magnitude as in limb flares. This "microturbulence"
does not correspond to a normal velocity distribution.

In July 1966, the Main Astronomical Observatory of the Academy of Sciences /4l
of the Ukrainian SSR observed active region No. 21034, as part of the Inter-
national Proton Flare Program (PFP). A coordinated group (the Medon Observatory)
proposed that we process and analyze the spectra of the active prominences of
July 9 and 11.

Observations of the prominences were made with an H f11ter and on a

spectrograph with a dispersion of 1.2 A/mm (I1 order) and 0.8 A/mm (IIT order)
£1i1.
The coordinates of the prominences of July 9 and 11 (we will designate them

A and B, respectively) were identical: © = +40°, A = +90°. We will now present

the results of our observations for each prominence.

The prominence of July 9, 1966. Motion pictures were taken between 0632

and 1402 UT*. During this period the prominence changed brightness and shape
so drastically that one would do well to speak of a set of phenomena of the

prominence surge type in the same place on the limb.

The characteristic anomalies of the development of the prominence, and which
can be traced on an %a-filtrogram, are its compactness and brightness in the
initial stage near the brightness maximum (Figure la), the subsequent formation
of bright point coronal condensations and finger-shaped surges (Figure 1b) which

lasted for a rather long time.

Table 1 lists prominence brightness values, I, expressed in units of disk

* Translator's Note: UT = universal time, or Greenwich mean time (GMT).
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brightness near the limb, for certain times in the initial phase of development.
These data were obtained from ﬁu-filtrogram measurements and refer to the bright-
est parts of the prominence. If the optical thickness of the prominence, TO, is
small, then its emission in a projection on the disk will practically be added
to disk emission (backing). During the observations with our filter [2], the
disk brightness in the qa line was about 0.35 units of disk brightness when
observed with the same filter in the continuous spectrum near the ﬁm line.

Table 1 lists the corresponding prominence brightness values, Is’ in units of
the brightness of the continuous spectrum for the condition that the prominence

is observed in a projection on the disk near the limb. These values exceed the

CR3(UL) Casn

7l b O 329
Figure 1. Ha—filtrogram of the prominence

56425 | of July 9, 1966.
\656: 24|

! i- V{; .-}
ISE '= § | . ‘
3 R SRR RS L § R VR
+ . R [T € T L. . ] Bt A Ayt At 2 st W
H, 06575 Hy, 0659 K, 0706.0 =2
{ : 1 ol :
U | M ’s
:' - L ! E ;
It,,0715.5 Dy ,0717.5 Hp,0718.0 1,0723.5

Figure 2. Spectrograms of certain lines of
the prominence of July 9, 1966.
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maximum of brightness magnitude, I.s ~ 0.45, used as the criterion for classifi-
cation as a flare. In this case the brightest of the prominence nodes in the
initial stage of prominence development would be recorded during disk observa-

tion in the form of weak flares or bright points.

Phenomena of the flare-prominence type are observed frequently. Unclear
is whether or not they can be given some intermediate classification between
flares and prominences. It seems to us that it is generally impossible to

establish a sharp dividing line between flares and active prominences on a limb.

TABLE 1.
Observation time I I
UT s
0632 0.88 0.66
0639 1.15 0.75
0654k 0.88 0.66
0651 0.72 0.60

0711 0.81 0.63

Spectral observations were made between 0655 and 0727 UT in the Ha - le,

K, H Ca+, and D3 He lines. Emission in the Dl’ D and Na I lines was not

27
detected visually, so no spectrography of these metallic lines was attempted.

Emission was observed in the H, K, D_, Ha - H8 lines on the obtained

3

spectrograms, with only a very bright node traced in the H8 line.

As we know, in the case of flares [3, 4] the maximum metallic emission is
delayed with respect to the maximum hydrogen emission by several minutes.
According to the data from our observations, the period of spectrography occurs
precisely at the post-maximum phase of the prominence-flare; in this case what
is observed is a purely "nonmetallic" flare (if it is considered a flare). On
the cther hand, the presence, or absence, of metallic luminescence is noted as
well in prominences, including quiescent ones. Therefore, an anomaly in the
spectrum of the observed prominence is the absence of emission in the metallic

lines.

Figure 2 shows the spectrograms of the prominence in the different lines for
certain times, and Figure 3 shows drawings from the Ha filtrograms for short

time intervals for the entire interval of spectrography. Some of the drawings
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show the position of the slit at the time of spectrography.

An outstanding feature of the spectrograms in all the lines is the unigue
emission contour, indicating the presence in the prominence of complex macro=-
scopic motions. The shape of the line is reminiscent of a loop with a wide,
left-hand, short-wave branch, which, in the upper part, becomes a 'cap"
extended along the dispersion, and a right-hand, long-wave branch, adjacent to
the "cap" in the upper part of the prominence. One of the first spectrograms
in the H& line was obtained at 0657. At this time the slit intersected two
bright nodes, a and b, as seen on the H& filtrogram (see Figures 1, 3). Node a
has a slight negative velocity. Higher above the node the emission in the left-
hand branch of the profile remains bright, but, its negative radial velocity
increases with increase in height, so it becomes barely visible on an ﬁx filtro-
gram. Node b pertains to the "cap," has almost no radial velocity, but does
have a significant dispersion of radial velocities between approximately +60

and ~40 km/sec as limits.

’/“3 07265 0,235 0/205 07175 OM55 07130 07//0

/ \,, \ \M \)\»,

/\ A \

\\“ {

0“)]0 (‘/LDU 0/u 5 0010 07005 w590 08575 (6555

i

,.

N D\
SO
\7\

Figure 3. The appearance of the prominence of
July 9, 1966, during the period of
spectrography (drawings from the H
filtrograms).
The right-hand, long-wave branch (component) of the Ha line has a constant

radial velocity of +60 km/sec along the entire height of the prominence. This

o]
branch blends with the telluric line A 6564.24 A, which is clearly visible in

/b
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the emission background.

also include its comparatively low brightness and small width.

Characteristic anomalies of the long-wave component

It is possible

that it forms in a uniform, isolated cloud, or stream of matter moving at a

constant velocity.

The shapes of the other spectral lines of the prominence are similar to the

Ha line. Moreover, the nature of the motion of the matter described (see Figure

2) remained quite stable for the time spectrography was in progress (about 25

minutes). The spectrogram of the H.OL line shows a slight decrease in brightness

and a widening of the right-hand branch of the loop.

The prominence of July 11,

1966.

filter from 1108 to the time of decay (about 1230).

This prominence was observed with an Ha

The prominence arose between

1058 and 1108. The prominence was not observed at this time, but other, small,

formations were noticed in the same place on the limb at 1058.

g 11

Ny
%/ 1 $05

Figure 4. Ha filtrograms of the

w
~
ng
VA
R,

prominence of July 11,

1966.

of the H, and H, K Cat lines was low.

The characteristic anomalies of the

development that can be observed on %x

filtrograms,

. eruptions in the initial stage of develop-

ment, and the formation of bright coronal

condensations linked to the photosphere by

weak streams of matter.

Several replicas

of the HOL filtrograms are shown in Figure

k.

Spectrography of the ﬁx - H8, H, K,

and D, lines was begun at 1125, at the end

3

of the initial eruptive phase, and con-

tinued until 1215, when the prominence had

almost completely decayed.

No emission in the H, line was seen.

There was no emission in the metallic lines.

An anomaly of the spectrum in the initial period of observation is the

difference in the radial velocities of the individual clusters of matter (Figure

5), something that confirms the eruptive nature of the first stage of develop-

ment. This is why the lines are not compact in form (the K 1140 line, Figure 5,

for example). Essentially,

the photometric section of emission in the line can

ek AT

5

are drastic changes resembling

The brightness /46



be obtained only for individual nodes,

displayed by height (along the line) and

i{ {[ ' in the direction of dispersion. Motion
| A ST ’( i of matter during this period is very
G !
6 TP S LI eee . confused.
Hy 1130 Dy,1128 K, 1140
‘{ T N The nature of the eruption is less
%{ ii . j . well defined in the second stage of develop-
I ™
u‘V~J"‘—”J o R ment (1200 to 1215). The lines are more
K, 1204 %AKM}UT“ A compact and stable. The narrow, right-

hand component, dimly visible in the ﬁx

Figure 5. Spectrograms of certain line because of its low brightness, is

lines of the prominence clearly seen in the H and K lines (see
of July 11, 1966. Figure 5) in this period. It is shifted
to the red by a magnitude corresponding to a radial velocity of about 40 km/sec.

It is surprising that in the period after the eruption of the prominence the

shape of its spectral lines is very similar to the "spectral loop" in prominence

A, the only difference being that the magnitude of the radial velocity components

is somewhat less, and the right-hand branch is extended to a great height and

does not separate at !cap" height.

It seems to us that this similarity in the shapes of the lines in prom-
inences A and B is not coincidental. It points to the presence in the active
region of a stable magnetic field, regulating the nature of the motion of the
matter in active prominences. The loop-shaped appearance of the spectral lines
allows us to include these prominences in the system of loop prominences (SLP)
formed during the development of large flares. The investigation made by
V. Banin [5] of a large flare near the limb can be cited to confirm this. An
active prominence of the SLP type, with exactlythese same loop-shaped spectral

lines, arose from this flare.

Spectrophotometric Investigations

Since the design of the telescope used for the observations [1] is such that

simultaneous photographs of different parts of the spectrum cannot be taken, all

the lines were photographed at different times with an interval of from 1 to 5

minutes. Repeated photographs of the same lines show that prominence A developed

(47
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relatively slowly during this period, and that no noticeable changes took place
in the contours of the lines during the photography. Therefore, the data
obtained for the same line at different times were averaged during processing.
Five photometric sections (Figure 6) were made in the observed lines in order

to cover the picture of the development of the prominence more completely.

The pattern of development of prom- /48
inence B is more complex. The location
and shape of the nodes varied from photo-
graph to photograph, so in this case it
was impossible to average the data, or
to draw general conclusions about the
various lines. Three photometric sections
were used in the lines, obtained during
the stabilization phase of the prominence

(1204, 1206, 1207).

Observation data. The contours of

the lines of prominence A have a complex

—_— e -
!

shape because of the partial blending of

Figure 6. Diagram of the photo-~
metric sections of the
emission lines for the (Figure 7) in all sections except the first.
prominence of July 9,

1966.

the blue and red components of the loop

The components are rather widely separated

in sections 3-5, and it is quite easy to
isolate them in pure form. In section 2, where the blue and red components al- /49
most flow together, we were unable to isolate the contours unequivocally, so

here large errors are possible.

The contours of the lines of the different nodes were constructed for
prominence B. The contours of the nodes deviating toward the blue (node I) and
the red node (II), also overlapped, as a rule, and it was necessary to isolate

the respective components during processing.

The contours obtained were used to determine the equivalent widths, A, the
optical thicknesses, TO’ and the Doppler halfwidths, AKD (Tables 2, 3). The
optical thicknesses of the H& and H, K lines were determined from the dependence

of the central intensity, I obtained from the tables compiled by

o’ o’
N. A. Yakovkin and R. I. Kostik [6] for resonance lines. We chose the Yakovkin-
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Figure 7. The contours of the %x line of the
prominence of July 9, at 0716 UT
at the different sections.
Kostik method because it does not limit the behavior of the function of the
source with depth, and by comparing the theoretical contour with the observed
contour, it allows us to make more precise the preliminary value of TO found
from the graph. In this case we were unable to refine TO because of the
anomalous shape of the contours (the shape of the contours will be discussed
in more detail below). For this reason, the use of the Yakovkin-Kostik method
is not correct enough, and the TO value obtained can be considered an approxi-

mation only.

This method can be applied only to resonance lines, or to lines of the
resonance type (Ha’ or lines with low metastable levels, for example). Therefore,
the optical thicknesses in the H[3 - He lines were not established. However, it
can be asserted that they are not great because the optical thickness in the ﬁa

line is not in excess of three for denser prominences.
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The optical thicknesses of prominence A in the D3 line was estimated by
comparison with the same lines in quiescent prominences. The values of TO in
the D3 lines, as is also true for weak quiescent prominences, turned out to be

very small, within limits of from 0.1 to 0.01l.

We attempted to estimate the Doppler halfwidths of the H& lines, the optical
thicknesses of which were greater than unity, in terms of the wings of the con-
tours. Since the optical thicknesses are small in the wings of lines expanded
by the Maxwellian thermal velocities of the atoms, and since their shape can be

defined as Gaussian, we can write

e (1)
1%
vhere
=T
Fb =1-e O is the self-absorption factor for the center of the line; /51
T
)
V = A)./A)\_D.

Using the different values of AA, we can obtain a sufficiently reliable
AXD. In the process of finding AXD it became clear that the shape of the con-
tours of the H& lines in the wings could not be described as Gaussian, and the
entire contour on the whole could not be described by a Maxwell velocity distribu~
tion. The Doppler widths found for the different values of AX using Eq. (1),
decrease with approach to the nucleus of the line. This effect was also detected
in other lines. Therefore, the values of AKD listed in Tables 2 and 3, must be
understood to be simply parameters defining the mean values of the characteristic
velocities. The magnitudes of AXD were estimated in terms of the halfwidths of

the contours for the optically thin lines HB - He, H, K, D3. The values of the
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TABLE 2.

Section i-"s- Y ""I«l/rl() l 08

QD e L LD Ll W —

Tt W —

[ e N

OV e ad DD =

—

BN N

[ia}

[REXERN-
s N

B e 1N ~—

0.670
110
0.354
0.361
0131

0.166
0.3°0
Q06
0.059
0.161

0.082
U2
0.023

0130
0170

0.198
1.073
0510
0.118
06ud

0.512
0.615
0.305
0.230
0.166

3.020
0.767
0.3:7
0.214

0417
0.:200
0.155
0.1.9

0361
0.192
0.073
0.031

191
2,62
1.33
1.5

1.56

l

0.43
0.95
0.71
.79
0.79

0.075
0085
0.0-14
0.052
U.L39

l Tok

11

135
0.30
0.13
0.09

0.957
0.713
0.530
0.548
0.518

0.470
0.431
0.265
0.226

307

0 586
0.586
0..06
0.264
0.475

Ay ‘ Mok

0.584
0742
0.63
0.677

0.261
0.150
0.313
0.217

0.391
0.:332
0.132
0.169

0.262
0.301
0.160
0.132

0.523
0.497
0.337
0.331

I, 10

0.650
0.709
0.537
0.591
0.578

0.139
0.223
0.120

0.026
0.095
0.035

0.04
0.05

[V IN)

0.132
0.290
0.225
0.241
0.253

N2

0.120
0117
0 086
0.089
0.057

lop- 10

0.132
0.090
0.110
0.117

0.086
0063
0.051
0.019
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TABLE 3. /51

Time S Node I (blue) ’ Node II (red)
Line | of ec— o R o
-] tion -
photo 4109 5, | A xolq,-lo ,A-IO--" 3y |AAp | 1,10
graph i |
H, 1125 2 444 16 066 0590 1.78 0.74 0.825 0.3060
[ 300 067 123 6340 074 027 114 0.150
1129 2 1w7 065 056 0330 3.0 0.8 0.89  0.420
1 504 183 079 0630 052 030 062 0.170
1130 2 — _ = — 444 166 065 0.600
I 176 083 049 0.400 1.02 058 0.68 0.290
3 170 030 1.04 0310 — — — —
1207 2 144 060 077 0312 — — — —
1 112 059 070 0208 0314 023 049  0.145
H, 1127 2 0575 — 082 0098 0190 -— 056 0.019
1197 — 0420 — 053 0.105 0.142 — 062 0.02
K 1134 2 0324 028 045 (0%5 0300 028 074 0.085
1 0690 046 0.65 0140 —  — — —
1140 2 030 028 031 008 0330 025 066 0.075
I 0700 037 0.69 0.116 —  — — —
1204 2  0.270 0.31 036 0093 0087 0.17 028  0.052
1 038 029 041 0038 0.138 016 042  0.050
3 — - - — 0166 0.14 043 0.045
1216 2 0470 040 016 0.120 — — — —
1 0308 0.26 0.48 0080 0.101 011 038 0.035
3 - — = -~ 0690 .10 030 0.032
D, 1126 2 0415 — 093 0080 0085 — 064 0025
1123 0238 — 052 0075 0051 — 038  0.025
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TABLE 4.

Hydrogen ' Ionized Calcium Helium
Section 7 0 -
Npl072 | N 10T l Np10710 | NG 10 l N;-10-10 ‘ Ny-10—0 ‘ N-107E ’ N,-10- ’ %ﬁ.m« N-1079
1
Blue Components
1 1.34 7.32 2.45 1.82 2.19 6.35 4.05 0.84 2.06 2.81
2 1.35 6.05 4.20 3.60 5.73 1.52 8.10 1.80 2.22 3.20
3 0.50 2.3 1.29 0.84 0.70 - 3.77 0.90 2.39 1.58
4 0.66 3.05 1.33 0.64 — — 3.49 0.75 2.15 1.19
S 0.60 275 1.60 1.75 — — 4.83 1.01 2.09 0.86
Red Components
1 - — — —_ — — —_ — — —
2 0573 2.86 1.55 0.950 — - 3.16 0.744 2.35 1.87
3 0.160 0.72 0.50 0.6H 0.296 — 1.80 0.332 1.85 1.00
4 0.065 0.26 0.29 0.104 — — 1.11 0.259 233 0.38
5 0.083 0.20 0.41 0.262 — — 0.98 0.232 2.37 0.18
15
o



equivalent widths of A (expressed in ergs) for qx were corrected for self-
absorption.
Tables 2 and 3 list the initial data for evaluating the physcial conditions

in prominences. The formula

fiv

N, A

A = T lmi
4=

was used to find the Nm populations of the corresponding upper levels of the
atoms of hydrogen, ionized calcium and helium through the equivalent widths.
The Ni populations of the lower levels of the H&, H, and K lines were found
through TO’ so their values are not sufficiently reliable. Tables 4 and 6 list
the population data. Turbulent velocities (Tables 4, 5, and 6) were computed
through the Doppler halfwidths.

Determination of electron temperatures. Electron temperatures at the sites

of hydrogen glow were determined from the populations for the excited hydrogen

levels. The Saha-Boltzmann formula, written in the following form, was used

“m

N . kT
Ay n .
/)m“ 7 ,Lzl Kr; The e, (2)

where 153
Ko = (_2»"-”.2"‘-’)".’ — 2.42.10%;

N+, N are the ion and atom content in the excited state m on the line
of sight;
Y, is the ionization potential of level mj
is the electron density;
b is a parameter characterizing the degree of deviation from thermo-
dynamic equilibrium.
Investigations show [7] that for the lower levels bm > 1. With increase in m,
the value of bm tends to unity, and when Xm = 0O, bm = 1. This property of_bm

was used to determine the electron temperature.

The right-hand side of Egq. (2) can be computed for known Nm, and a given
Te, and represented graphically. Extrapolating the graphic obtained to the
point‘xm = 0, we find the corresponding values of me+ne, for which bm =1 at

the point of intersection with the axis. In other words, we find the magnitude
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of N“‘ne for a given Te which we substitute in the equation of ionization

equilibrium

N Dy |- Ny =N 2R, (3)

where
@1, §2 are the photoionization factors; and
Rm is the recombination coefficient at the m level.
The values of & were found through the formula

, 3% . 54
q)m =/ —- /‘,my.‘. £ ‘/ [P A A
¢t m

TSR] :)
\/L’.’ /
where ”
W is the dilution factor (in our case W = 0.3);
km, Tm are the coefficient of absorption and the Planckian temperature

at the limit of the corresponding series (in our case T, = 6900°,

1
according to the data in reference [8], and T2 = 6000°).
Individual values of Rm were computed using Cilie's formula [9] up to
m = 30, to determine ZRm. Eq. (3) takes into account only radiation processes,
since they play the dominant role in prominences. Ionization with a level

m > 3 was not taken into account because the product N §2 is several orders of

2
magnitude greater than Nmém.

1
be found. The population of the second level, N

The value of N, can be found through Eq. (3), and then the ratio N2/N1 can
X is established by Hx solar
radiation, the temperature of which proves to be very close to the electron
temperature because of the large optical thickness of the Ld line [10]. There-
fore, the ratio N2/N1 can be found through the Boltzmann formula with T = Te.

If the value of Te obtained through the Boltzmann formula does not coincide
with that used earlier, a second approximation must be made, and continued until
the value of Te used to compute N+ne, and the value obtained through the
Boltzmann formula agree with the proper degree of accuracy. Table 5 lists the

electron temperatures found using this method for each section of prominence A.
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TABLE 5.

Section| vr(Hh furCal) o: (D), | wun), JoCam)) o0y |
km/sec km/sec | km/sec kn/sec , xm/sec km/sec i
Blue Components
1 35.2 36.0 28.5 0.0 0.0 0.0 7600
2 323 33.0 28.5 10.G6 8.4 15.6 7500
3 19.5 20.2 27.5 25.0 28 2 234 7600
4 20.5 17.2 16.2 i8.8 23.6 103 7600
S5 20.0 23.4 22.5 12.7 16.0 7.7 7300
Red Components
1 —_ _ — — — — —_
2 22.8 27.6 25.7 50.4 38.7 37.5 7600
3 21.2 23.2 23.9 45.4 51.0 53.0 7C00
4 23.1 12.2 14.6 401 55.5 58.5 7300
5 22.1 10.1 143 49.8 59.3 63.5 —
TABLE 6. /55
Node I (blue) Node II (red)
Cime of [See= |\ . N
Line Photo- tion v v v ¢
L10--1t 10w T e A 1078 . 10—10 1 ’
graph N 10 V10 km/sec kr/sec Ni-10 V10 kit/sec krl/rsec
i, 1125 2 7.70 4.20 30.2 16.0 4.40 1.70 377 13.7
1 6.CO 230 56 2 8.8 2.20 0.70 52.1 20.0
1129 2 2.70 1.20 257 19.8 5.70 3.20 40.4 143
1 10.50 4.75 36.0 10.8 1.30 0.49 23.4 16.6
1130 2 — — — — 7.80 4.18 29.2 10.0
1 3.00 1.66 22.4 16.0 2.90 0.96 30.7 117
3 2.30 1.60 43.0 6.7 — — — —
1207 2 3.40 1.36 35.1 1.7 — -— — —
! 3.00 1.06 38 8.1 0.82 0.30 224 1.5
Hﬁ H27 —_ — 2.11 51.0 6.1 - 0.70 315 144
1127,5 —_ — 1.56 330 10.2 — 0.52 37.8 13.0
K 1134 2 3.10 0.054 312 19.5 291 0.050 312 6.4
1 7.30 0.115 50.4 8.7 — — —_ —
1140 2 2.70 0.050 259 21.5 4.10 0.0535 50.1 7.1
1 6.60 0.116 52.5 1.3 — — — —
1201 2 2.50 0.045 27.1 3.9 1.00 0.014 213 11.2
| 2.90 0.051 31.2 119 1.50 0.023 31.8 8.5
3 — — — — 1.40 0.028 33.0 10.5
1216 2 4.10 0.078 35.1 13 — — — —
1 3.50 0.051 36.6 10.0 1.40 0.017 29.0 89
3 — — — — 0.77 0.0t1 229 115
D 1126 — — 0.230 49.8 3.2 — 0.044 32.1 20.7
! 1128 — - 0.123 26.5 — - 0.026 19.3 —
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The accuracy with which Te is found is very much dependent on the accuracy /56
with which Nm is found. In this particular case the error is about *1000°.
The electron temperature at the sites of hydrogen glow on the prominences

investigated is between 7000 and 8000°.

Turbulent and radial velocities. Excitation sources. Turbulent velocities

were found through the formula

s g 9
c? (A'{’ ) _. 2RT, - o2
[ P

It should be pointed out that for the observed width of the lines, the contribu-
tion of the first term of the right-hand side of this equation is negligibly small
when Te = 8000°. The lines are expanded mainly by turbulent velocities. The AXD
values listed in Tables 2 and 3 were used to determine Vipe The radial velocities
were estimated from the magnitude of the shift of the emission lines relative to

the corresponding Fraunhofer line. The v, and vr obtained are listed in Tables

T
5 and 6.

We used the solution of the inverse problem of the theory of radiation
diffusion, obtained by R. I. Kostik [11], to determine the excitation sources.
Table 7 lists the values of the function g(T), describing the source distribution
in the case of atoms excited only by photospheric radiation, and the source G(r),
found according to the line contour using the tables from R. I. Kostik's work

[11], for the Ha and K lines.

TABLE 7.
1y f i Call
- - S i

E I G(r)-10? ‘ g(x)- 10} | e ‘ G(s)-10? ' g(z)-10°
1.900 4.36 1.07 0.430 2.85 3.30
1.730 3.83 3.28 0.393 2.78 3.19
1.330 3.20 2.47 0.300 2.68 3.02
0.700 2.62 2.36 0.158 2.58 3.00
0.352 2.52 2.77 0.079 2.53 3.13
0.147 2.62 3.34 0.033 2.58 3.17
0.052 3.20 3.77 0.012 2.68 3.27
0.015 3.83 3.99 0.003 2.78 3.29
0.002 4.36 4.07 0.001 2.85 3.30
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We can find the function g(T) through the approximate formulas [12] /57

g()=g"(=) 4 g'(z,—7),
v )
gl () == 2—:[/—75 / (v)e-? E, (Te_u)d’vx

where
I(v) is the intensity at the corresponding points on the Fraunhofer
contour;

Ez(Te— ) is a second order integral exponential function.

Discussion of the Results

Motion of matter. If we digress from the expansion of emission lines

attributable to temperature, turbulence, and possibly other physical effects,

the contour of the "spectral loop" in prominences A and B at the stabilization
stage can be assumed to be a unique envelope of the velocity vector of the matter
in the plane containing the line of sight. It is difficult to establish whether
the loop characterizes the velocity of the matter moving continuously in a closed
trajectory, or whether it reflects the overlapping of the velocities of several
individual streams. However, the predominant motion of the matter took place in
the plane containing the line of sight. This we can understand from a comparison
of the "spectral loop'" and the Ha filtrogram. In this case, the three~dimensional
trajectory of the motion of the main mass of the matter can be represented by an
arc. Two streams of matter, moving with acceleration in opposite directions
toward definite centers in the photosphere, form at the top of the arc in a

stationary coronal condensation.

Also possible is the fact that the '"spectral loop'" is the result of the
overlap of the emission from individual, independent, streams of matter with
different mean velocities, as well as different velocity gradients inside the
streams. In this case the red component (the right~hand branch of the loop) can
be equated to a comparatively uniform cloud, or stream, with a stable velocity.
The possibility that this stable flow is corpuscular cannot be excluded. Its
spatial velocity can exceed significantly the observed radial velocity, especially

if the direction of its motion is close to the radial.

Before discussing the results of the spectrophotometry, it should be pointed

out again that the accuracy of the construction of the contours is not very high 458
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because of the partial blending of the blue and red components. Moreover,
processing included all the spectral material including some mediocre quality

photographs.

Based on an analysis of Tables 2 and 3, the conclusion is that both
prominences were optically thin in all lines except %m' At the same time, the
lines were very wide, so their total intensities were quite substantial. For
example, in cross section 1 (see Table 2) the observed total intensity is about
0.45 . 106 erg ° cm'-2 . sec-l, or 0.75 units of the energy passed by the Ha
filter in the Main Astronomical Observatory of the Academy of Sciences of the
Ukrainian SSR [2] near the limb of the disk in the continuous spectrum near the
%x line. This magnitude is close to the intensity of the brightest nodes (see
Table 1), measured on the qx filtrogram in the initial phase of development of

the prominence.

The populations of the ground and excited levels for hydrogen, as well as
for jonized calcium, and helium are the same as they are in gquiescent
prominences of average brightness [13, 14]. Table L4 lists the values of the
population ratio, N2/N1, for Call, and they are very close to analogous magni=-

tudes in quiescent prominences [15].

The values of the functions of G{(T) (Table 7) describing the true source
distribution in the medium for the Hx and K lines are close to the values of
g(T), found on the assumption that the excitation mechanism is scattering of

photospheric radiation.

These data indicate that the principal mechanism in line excitation in
the prominences of July 9 and 11, 1966, is scattering of photospheric radiation.
In this respect, the prominences are no different than quiescent prominences.
However, their optical thicknesses are somewhat less than the mean for quiescent
prominences. It should be pointed out that in the case of small optical thick-
nesses in active prominences with high velocities, a unique effect of abnormal-
ly increased line emission is possible, even if excitation by photospheric
radiation is all that is acting. When radial velocities are high, the prom—
inences can absorb radiation from the continuous spectrum near the %m line [12].
The fact that a prominence such as this, or its individual parts, will be recorded

by an qx filter as bright formations when observed on the disk near the limb
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cannot be excluded. This, apparently, explains the great brightness of certain

active prominences, loop prominences in particular.

As will be seen from Tables 5 and 6, the turbulent velocities of the prom~ /59
inences investigated were very high. In loop prominence A they reached a maximum
in the upper part of the loop (cap), and decreased as they approached the photo-
sphere. In ionized calcium and helium the turbulent velocities behave identically
in the red and blue components, while in hydrogen the turbulent velocities are

almost constant.

In the eruptive stage of prominence B, the turbulent velocities in the
sections closer to the photosphere (section 1), decrease and in the loop stage
(1204, 1206, 1207) stabilize within the limits of error and are virtually
independent of the height of the section above the photosphere.

The non-Doppler nature of the line contours indicates that the turbulent
velocities in different parts of the prominence along the line of sight are

different, and increase from the center to the surface layers.

The radial velocities of the individual parts of the prominence are rather
high. In prominence A, the radial velocities of the blue component increase from
O to 36 km/sec as they approach the photosphere, and then decrease to 20 km/sec.
The radial velocities of the red component of hydrogen change very little, and
reach about 60 km/sec. However, v, for the red component of ionized calcium and

of helium increases from 38 to 63 km/sec as it approaches the photosphere.

When prominence B was in its eruptive stage, the radial velocities of the
nodes displaced toward the blue, increased near the photosphere (section 1), and
the radial velocities of the nodes displaced toward the red, decreased. 1In its
loop stage, as in prominence A, the radial velocities decreased with approach to
the photosphere. However, only two photometric sections were made through the
loop of prominence B, so it is difficult to draw any certain conclusions in this

case.
Conclusions

1. The observed prominences are, apparently, only a link in a series of
active limb formations, which arose and developed in the same location of the
active region over an extended period of time., Their development can be

characterized by rapid changes in shape. The period of decay in the shape of /60
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one type is of the order of a few score minutes (from 20 minutes to 1 hour).

2. In the more quiescent stage the shape of the spectral lines has a
complex loop-shaped structure, indicating the presence of a special motion

trajectory, or of several individual streams of matter.

3. Apparently, in the quiescent stage of development, the motion of the
matter in the prominences, observed on different days, is similar in nature,
indicating the presence of a stable magnetic field regulating the nature of

movements of the matter in the formations of a type of active prominences.

4, By type of spectrum, the prominences can be included among the '"non-

metallic!" type with a moderate number of hydrogen lines.

5. Temperatures, total populations of levels, densities of matter, and the
excitation mechanism for the emission lines in these prominences were the same

as in common quiescent prominences.

6. The prominences differ sharply from quiescent ones in the high magni-
tudes of the turbulent velocities, which are not described by normal distribu-

tions.
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INVESTIGATION OF RR LYRAE TYPE VARIABLE
STARS IN THE GLOBULAR CLUSTER M3

E, S. Kheylo

ABSTRACT. RR Lyrae variables in M3 are studied. Seasonal
moments of maxima and O-~C diagrams of 12 RR Lyrae stars are
given.

The problem of period variation in RR Lyrae type stars in general is a
rather complex one, but the complexity is worse in the case of stars that are
members of glubular clusters because of the observation difficulties. Quite a
long series of uniform observations [5] are investigated in order to analyze the
behavior of the RR Lyrae galactic field. There is no such series for globular
clusters. The interpretation of this quite long series, although composed of
different types of observations, cannot yield sufficiently reliable results. The
following example is typical. In determining the O-C magnitude (deviations of a
particular point on the light curve from the ephemeresis) the "mean' of the as-
cending branch is often used as a reference point. But it is perfectly clear that
the difference between the photometric systems used by the various authors can
result in our actually referring to different points on the curve, rather than to
one. What follows from Figure 1 is that the '"mean'" of the ascending branch occurs

in different phases.

i

Consequently, before the investigation of
1.2

a particular star can be started, all observa-
tions used must be reduced to a single photo-

metric system. This was done for this article.

The objects of the study were variables

21, 37, Lo, 55, 64, 65, 81, 93, 94, 107, 108,

3

000 Phase and 119, all belonging to the globular cluster

Figure 1. Observation of the M3, one of the most abundant in RR Lyrae type

variable star 40 in M3 according stars. The numbers of the variables were
to Sandage (®) and Hett (+), re- broucht into adreement with the Sawver Catalo
duced to a single period. 9 agreeme awy a g

[16]. The choice of stars was governed by the
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following considerations: (1) the data on their observations were published,
beginning with JD 2413372; (2) all the variables have stable light curves; (3)
N.P. Kukarkina has revised all the observations of a great many variables in M3,

but she did not study the above-mentioned stars.

Observation material used. The author established the stellar magnitudes of

the variables from photographs in the glass slide library in the Shternberg State
Astronomical Institute. Of these, 72 photographs were obtained from a 40 centi-
meter astrograph for the period from JD 2436633 to JD 2437791, and 48 were obtained
from a 70 centimeter Cassegrainian reflector (f = 10.5 m) from JD 2437779 to JD
2438898, Visual estimates of the brightness of the variables were made using the
Neiland-Blazhko method. Each plate was processed twice, turning 180° to eliminate
parallax errors. Stars AH, AM, AV, I-1, I1-2, 1-7, I-39, I-46, I-47, 1I-15, III-25,

167 and 179 from Sandage's paper [15] were used for purposes of comparison.
The observations listed in Table 1 were used, along with our own observations.

B.V. Kukarkin very kindly placed at our disposal the observations of the M3
variables made on the 52 centimeter Schmidt telescope in the Byurakan Observatory.
Thus, processing involved the use of almost one thousand observations of each star,
distributed very unevenly over the period between 1895 and 1965. The observations

made by B.V. Kukarkin and by the author are listed in the appendix.

Reduction of the observations to a single photometric system. We took as a

basis the system used in the Pk catalog compiled by B.V, Kukarkin and N.P.
Kukarkinal[2], because it is, in our opinion, the most reliable. However, it is
impossible to use the reduction formulas given in reference [2] for variable stars
because the color indicator for each star varies over its cycle, and generally

speaking, is unknown for a given moment in time.

In this case the reduction of all the observations to a single system was Zﬁ&
facilitated by the fact that almost all the authors used the same comparison
stars (Nos. 218, 227, 250, 258, 263, 609, 740, 1055, 1131, 1327 [21]). Plotting
the magnitudes of the comparison stars in the system of each author along one
axis, and the magnitudes in the P, system on the other, we can obtain a function

for reducing a given, individual series.
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TABLE 1. LIST OF THE OBSERVATIONS OF M3 VARIABLES

Number
of
Pictures

Author Time Interval in Julian Days

Short Series from

Bailey [6] 50 2413372 to 2415161
Hett [10] 8 2419479 — 2418534
17 2420625 — 2420656
Ly 2429367 — 2429431
Rybka 143 L 2421316 — 2421358
Larink [11] 1 2422455
135 2422729 — 24223840
Miller [12] 1 2423858
91 2424283 — 2424317
Slavenas [19] 21 2424564 — 242L56E
75 2424619 — 2424622
Greenstein [91 75 2L424647 — 2U2UB8L
Schwarzschiid [17] 4 2428964 —~ 2428983
Belserene [8] 28 28431965 - 2431995
10 2422682 - 2432700
Roberts, Sandage [13] 2L 2434447 - 2434508
R. Baker, H. Baker [7] 6 2434509
38 2u34833 - 2434835
Szeidl [20] 231 13 Series of various lengths
2428963 - 2436791
Note: Hett [10] explained that Bailey must have been mistaken and gave the

times of the beginnings of the exposures instead of their mean exposure times for
the observations of 1897. In this article the corresponding corrections were made

when Bailey's observations were processed.

Transition curves were used to reduce to the Pk system the stellar magnitudes
of the variables obtained in the observations made by Bailey, Hett, Rybka, Mlller
Schwarzschild, Belserene, Roberts and Sandage, R, Baker and H. Baker, Szeidl,
Kukarkin and ourselves. Slavenas gave the luminosity of the variables in a power
scale, and the formulas for converting from his system to the Shapley-Davis system
of stellar magnitudes [18]. Using these formulas, we constructed a transition
curve for reducing Slavenas's observations. The conversion from the Greenstein

system to the P, system was made using another method, one utilizing the mean

k

light curve, because Greenstein failed to publish stellar comparison scales. This

was also done for Larink's observations.

/65
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Determination of seasonal moments of maxima of the variables. All observa-

tions made of each of the stars were divided into groups by seasons (years).
Belserene's periods, and an arbitrary initial moment equal to JDhel 2430000.000,

were used to construct the seasonal light curve.

Naturally enough, the light curve can be rather clearly '"drawn" and the
seasonal moment of maximum determined reliably from the observations made by
Mliller, Larink, and others; i.e., from those authors whose observations were
numerous. The observations made by Rybka, Schwarzschild, and others, provide just
a few points on the curve. But these points can be used to determine the seasonal

moment of maximum (if with considerably less reliability).

Since all observations were reduced to a single system, it can be assumed
that we have a uniform series for each star. From this series we choose several
seasons in which the observations fill the entire light curve uniformly, and
rather densely {(for example, for variable 21 the observations made by Hett, Mlller,
Belserene, Roberts and Sandage, Kukarkin and myself), and we construct a mean
light curve corresponding to each season. We shift these curves along the ab-
scissa so that their maxima coincide. Averaging the brightness values for the
variable through the same identical phase on all the mean curves, and assigning
a definite weight to each value, we obtain a '"weighted!" mean light curve for each
of the variables examined., Superimposing this curve on the individual curves, and
shifting it along the abscissa so that the "weighted' curve best fits the individ-
ual points, we determine the phase of the seasonal maximum. This method is a

somewhat modified method of superimposition of a mean curve [1].

A few remarks are in order. First of all, using the 'weighted'" curve, we
can add to our photometric system any observations for which we can construct a
more or less reliable mean curve,that adequately depicts graphically the re-
lationship between the values of the stellar magnitudes on the particular mean
curve, and the magnitudes on the 'weighted" curve for the same phases. This is
how the Greenstein and Larink series were added to the Pk system., Second, the
proposed method is applicable only to variables with stable light curves. If the 156
shape of the light curve varies (the Blazhko effect), only investigation of

really long, uniform series of observations can yield reliable results. The

stability or instability, of a light curve obviously can be established by

60



several months of observations. Third, because of various, and often un-
accountable errors even mean curves constructed in a single system using the
observations made by different authors, yield few, but none the less differing,
values of such stellar characteristics as brightness at maximum, amplitude,
location of the minimum, etc. These values, when taken from the '"weighted"

curve, will undoubtedly be more reliable.

The moments of seasonal maxima, found by using the method described, were
used to derive conventional equations, and to improve the elements of the light
curves for the variables by the method of least squares. The deviation of 0-C
from the improved elements also provides us with an opportunity to evaluate the

nature of the change of period for each star.

Results. Table 2 lists summaries of the moments of seasonal maxima of bright-

ness of the stars studied, and their deviations from the ephemeris. The behavior
of the 0-C diagram for each star is shown in Figure 2, and the "weighted'" mean
light curves are shown in Figure 3. Summarized information on the variables is
listed in Table 3. Figure 4 shows the period-amplitude relationship. As usual,

asymmetry "by period" (Figure 5) is characterized by the magnitude

SR CR ),

e =P :
max ™min

and asymmetry '"by stellar magnitude" (Figure 6) by the magnitude

E = m % (m +m_ . ),

L7 max min

where ml/2 is the stellar magnitude at that section of the light curve where the
time distance between the ascending and descending branches is one-half the

period.

Analysis of results, and conclusions. We have already noted [3, 4] the un-

questioned reality of the changes in the period values in M92, As will be seen
from Figure 2, in this particular case the periods of all the variable stars
studied did not remain constant. However, in contrast to previous conclusions
[8, 20] not one of the O-C diagrams obtained can be accurately described by a
Parabolic formula, that is, the change in the period cannot be considered

secular.
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TABLE 2. Summary of the Moments of Auvthor lM“JDhcx E 0--C
Seasonal Maxima. T T T e e -
840.605:  —4641n —07020:
. . o-C 5161655 —A5497 . 025
Author Max IDye, £ ‘ Hett 950,751 —32143 — g9
—_ - — Rybla 20737790 —28000  — 014
- 000.415-+0° 5157336 - £: 1/P =1.9380835 c 1340.728: —26510 -~ .0N2:
Max; ., ==JD2430000.415-+0° 5157 Y Larink 9757813 59109 005
Variable 21 Miiller 3858.792:  ~—18801 007
. . 4296816 —17400 008
Bailey 2413380001 32226 0233 Slavenas 561981  —16639 003
680.248:  —31644 223 ) 627.693  —I16147 .001
4177.410  —30680 218 Greenstein 67.867  —1632¢  — 002
840.646:  —29394 220: Szeidl 8986.351:  — 3103 — 001
5161.402:  —28772 190: 9346311 — 20m 001
Hett 9500.623  —20358 029 Hett 412550  — 1797 05
. 20637.789  —18153 002 Szeidl 755065 ~— 740 003:
Larink 2751211 —14035  —.052 30070.473: 216 003
Miiller 3858.470:  —11908 — 073; Belserene 1977.725 6035 015
4296.325 —11059 — 076 92686852 8225 021
Greenstein 667.139  —10340  —.075 Szeidl 3415583 10457 01
Szeidl 8986.392 — 1965 — 090 763.428 11522 — 014
9346364:  — 1267  —.100: 4120454 12615 — .0n3
Hett 412.390 — 1139 -~ 088 Roberts, Sandage 4579727 13740 001
Szeidl 755353  — 474 — .08% Szcidl 91515 13751 — 004
3?833383 3;;%:/ — gC)é R. Bakeor, 500.609 13007 —- 001
Belserenc 77. 35 — 06 . cer 834816 11002 076
2686.812 5210 —-.0%9 Szeigl 1. Bake: 5224500 15025 005
Szeidl 3415.543: 6623 —.0%0: . . 601.435 17145 — 001
763.672: 7298 — 051 Kulrarkin 3390 17155 — 0%
4120.586 7990 — 024 Szeidl 928.402; 18150 001
Roberts, Sandage 487.783 8702 —.030 Kheylo 6669.5 1 20419 006
Szeidl 91.393: 8709 - .030: Szeidl 7024.250 21503 007
R. Baker, 509.970 gras  —O1® Kheylo 8.526 21518 007
H, Baker 83188 ue o —ul 762.487 2765 ol
Szeidl 5224.245: 10130 —.080: Szeidl 89.208 @iy 003
) 601.275 10861 —. Kheylo 8864.591 27135 020
Kukarkin 3.343 1(1)%»2 — 88{
idl 928.258 11495 . .
;Sﬁleeylo 6669.382 12932 ol Variable 40
Szeidl foatzis 13020 o Maxye~= JD 243000039740/ 5315416+ £, /P =15130002
ey o v 150;813 '(())21?3: Bailey 24133%0.247: 30133 093:
Szcidl 89.042 1510: : 6orost 207 ooa
N - 367 985 §e
Variable & O S O
Maxg =JD2430000.5° 14 09 3266384 L, YP--3061480¢ 8:0.737 —277.5 :on
) 51617 006
Baile 9413380.201:  —-5088%1  —0 024 _ Qsnn.0.- ~
y 680.360:  —49962  — 017 Hett R I
4073653 48758  — 024 Ul e

470.0G3: --A7635 - 033
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Author MaxJr . E 0—C
Rybla 1340.646:  —-15700  07.003:
Larink 3325323 ~-13142 007

Uller 53.983: ~-[1134 001:
Mulier 4996.907  —1034 001
Slavenas 564.961 — 0834 005

. 627.833: — 9740 001
Greenstein 67.548:  — 9668 005:
Schwarzschild 8970:663: — 1866 005;

: 86.669  — 1837 002
Szeidl 9316.285:  — 1185 1000;
Hett 412.456:  — 1065 009:

1dl 755514 — 443 004
Szel 30070.453 128 .00
Belseren 1977.678 3586 007

€ 2686,958: 4872 — 004:

Szeidl 3415.550 6193 - 00!
763.562 6324  — .00/

4120413 7471 002

Roberts,; Sandage 487.736 8137 002
Szeidl 91.603 8144 002
. 509.804 8177 — 007

R. Baker, H. Baker 834662 8766 — 008
Szcidl 5224.593 9473  — .010
601.294: 10156 — .003:

Kukarkin 3.500 10160 — .006
Szeidl 9928.365 10749 — .008
6669.634: 12093  — .005:

ghe{iﬁo 7024.272 12736 — .00
K%el ] 8.141: 12743 — .005:
eylo 762.241: 14074  —.001:
Szeidl 89.257 14123 — 012
Kheylo 8863.655 1607t — 015

Variable 55

Maxy, =JD 2430000.032+4-0%.5208136 - E;

Bailey

Hett

Rybka
Larink
Miuller

1/P =1.8874563

2413380.892 --313068
630.760 —30802
4073.869 --30060
420.009: —29405
840.50 —28613
5161.577 —28007
9530.738 — 19817
20637.703 —17671
1340.211: —~—16315
2751.65™ —13681
3683.00 5 -—1159]

.053
047
031
.046:
.028
.035
022
012
—.015:
— 022

— .035:

Hett

Author Max JDhCI E l O—C

4295519 —10765 —010390

Slavenas 627.694  —I101:) — 029

Greenstein 67.954 —10004 —.034:

Schwarzschild 8970.582: — 1923 — .022:

Szeidl 86.503: — 1913 - 003

9316.255: — 1234  — 013

Hett 412441 — 119 — 025

Szeidl 755238 — 462 - 020

Bol 3(])8;(7)883 133 — 013

clser 81 3733 —~.013

ene 2686.705 5071 — 012

Szeidl 3415.204 6445  —.006

763.304 7163 006

4120.383 7777 — 009

Roberts, Sandage 4r7542 8470  — 0l

Szeidl 595.253‘: 8177  — .0ll:

. H- Baker 09.809 8512 003

R, Baker, 834.503 91% 012

Szeidl 5294.523 923} - .00l

601.227 10572 0%

Kukarkin 3.346 10575 005

? Loidl 928.134 1163 018

Z heylo 6539,327: 12578 001:

iy 7024.311- 13253 010

?{;gﬁo 8.539: 13275 -000:

’ 762.328: 14650  — .003:

Szeid] £§9.258 14702 008

Khevylo 8863.279 16729 — 004
Variable: 64

Maxp, =JD 2430000.3824-09.6054590 - E;  1/P=1.6516395

Bailey 2413380546:  —927449 013:

680.846:  —26033 .005:

4072.780  —26304 035

420.711 —25731 009

840.910:  —250%7 .010:

5161.794  —24507 001

Hett 9500.521 —17341 008

20637.561 —15453 — 003

La rink 2751.228 ~—1{972 L06

Miilller 3858.508: —10143  — 07X

4236050  — 19 — 0]

Grecnstein 657,491 — &7 —.on

Schwarzschild — Iy =0

st 1 — 10 —-.nl:

— &) =0

o’/
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Sroid]

2l ooone

Deoidl

Doboerts, Sandage

Ceoidl

Tularikin
)/:C’(H.

Slhaxeg 4D 2000

T.osrink
Miller
Greenstein

Tehrarzschild

Seeidl

f.
\'\L

J.:,,,cu

B

S Cluorene

Lz il

T AT et -~
L0unrls, »»and:ige

o
(4

or, Fl, Daker

— 40t
16
3267
4433
5641
6216
Ci06
742
7418
744
7986
3629
9252
9255
9792
11602

STty
FARY,

—21i°67

“ 4418
---23330
—23311
—-02202
— 15710
—14009

PP

Ll

3033504 £ /P =140

(PINIVIOR

P

_(,\1)

008
024
020
01
002

. 002

003
£06

L04:

o4

Author

lx‘,mmhc,l E ' 0-c

Zmeldl

Kukarkin
Szeidl

Kheylo

331,136
5221.067
tul.013
3.019
928.511
7024.508
769.165
8563.124

Variable 81

7233
7816
330
818!
8370
10510
11654
13261

r!.005

.006
002
002
009

019
.006

051

5% oy =JD 2120000.4614+09.5201108 - E; 1/P=1.8899633

Dailey 2413330.619:
680.625:

4073.725:

420.824:

£:0.528

S161.875:

Hett $360.769
20537.82:

Rybka [340,?;301;
Larink 2731621
Midler 3158.524:
. 4296.627
Greonstein | 667.531
Schwarzschild 5970.793:
Szeidl 86,674
§346.453:

Hott 112,610
Szeidl 755.466:
36970.3¢0

Belserene 1077.742
2586.753

Szeidl 3415.347
763.491

4120117

Doberts, Sandage  437.815
Sueidl 91.029
R, Brker £00.543:
AN 371044

)“Ldl tle Baker so4iz7
Cotty

o%avkin 3.215
Sueidl 528.105
Ne heylo £652.504:

—31410
—30843
30100
— 20444
~—20550
—28n14
-—19213
—17694
—16356
—13639
—11607
—10779
—10078
— 1045
1915
1235
1o
462
133
3738
5078
6455
7113
7787
8182
RERN]
8523
2138
0374
10386
10350
11204
12605

pbreritrrrirrel

P

.057:
.057:
.028:
.010:
020
006
017
022
.025:
022
.019:
.020
022
018
.on
.027:
.009
017:
004
.006
004
.005
006
.001
.002
.00s
.000:
002
.CO6
.005
000

016

.0%0:
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Author Max JD,y E 0—C Author ’ Max JDyq E l 0-~C
}S(Zleld% 7024.417 13276 04.010
cylo 8.112: 13233 001: wriable 67
, 762.517: 14671 001 Variable ¢
Egeliﬂ 89.511: 14722 010
eylo 8863.074 16751 007 Maxy, =JD 2430030304 +07 5236236 + £; 1/P=1.5925125
Variable. 93 Bailey 2413380.904:  —31735  —07.016:
680.450:  —31163 010:
Max o =JD 2430000.420+07.6023007 + E; 1/P=1.6603002 4073.743  —30112 009
420955  —29749 013
Bailey 2413380515:  —27593 —.020: 840945 —28347 £00:
4073.767 —926442 — 016 5161.968: —28331 — .002:
420703 —3866  — .005: Hett 9500.754:  —20040  — .017:
840.489 —25169 — 023 Rvblk 205637.695 —17878  — 015
5161.498 —24636 — 040 ybka 1310.495:  —16336 — .012:
Hett 9500.470  —17432 — 042 Larink 2751.321 —1351 — 016
20637.617 —15544 -~ .032 Miiller 3838.943: —U727  — .006G:
Larink 2751.139  —12035 010 4206750  —I0391 — 7
Miller 3858.781:  —10196 021 Slavenas 561888  —10..9 070
4296656  — 9469 023 . 627.726  —10230 - 075
Slavenas 564.690 — 9024 034 Greenstein 67.537 —10183 003
627.930  — 8919 032 Schwarzschild 8570.701  — 1966 — .018&:
Greenstein 67.676  — 8853 026 Szeidl 86.423:  — 1936 — .01
Schwarzschild 870510:  — 1709 .024: 9346.197:  — 1240 — 014
Szeidl ' 86.160 — 1683 016 Hett 412.711 — 1122 — 072
9316.338  — 1085 016 Szeidl 755.190:  — 468  ~— .02%
Hett 412591 — 975 016 30070.472 134 — .co7
Szeidl 755.302 - 406 018 Belserenc 1977.773 377 002
30070.301 117 014 . 2636.855 5130 003
Belserene 1977.774 3284 .001 Szeidl 3415.317: 6521 .005:
) 2686.680 4461 001 763.573 7183 .007:
Szeidl 8415.468: 5671 .003: 4120.216 7867 014
763.600: 6249 005 Roberts, Sandage '4g7830 8369 005
Rob Sand 4120.158 6841 001 Szeidl 9].510: 8376 010:
oberts, Sandage 45755) 7451 009 5224.151: 975 003
Szeidl 91.171: 7457 .003: . 601.212 10595 003
R, Baker, 834.472 8027 014 }éukgdzilcm 3.304 10699 002
; . 5224.169 8674 005 zei 928.519: 11320 003
Szeidl H. Baker g, 0. 9300 009: Kheylo 666,554 12735 072
Kukarkin 3.017 9303 004 Szeidl 7024.088: 13412 .006:
Szeidl 928.956 9843 008 Khevlo 8.273: 1340 L£01:
Kheylo 6669.072 11073 022 R 762.505: 14802 016:
Spoidl 702;.833 ]111883 019 Szeidl ) 52.258 i‘zsm 810
040: 9 025: . 833,305 5024 Ol1
Kheylo 762048 12558 021 Kheylo
Szeidl 89.357: 12933 016
th;;}lo 8863.251 14716 024
N IS
~ 0~
=W
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Author
! Author

Max D, ' E l 0--C

! 1‘"&37{.”)“‘ ‘ E l O—C

Variable 107 Voziello 193

Maxyg =JD 2430000.020--0 % 3090348 « £; 1/P=3.2353815

Bailey 2413360.76¢  —53778  —07.012: )

680827 52807  — Ol Bailey 2413380.716  —31955  0%.02%
4073926 51535  — .004 650.515:  —31408 009:
5161.732 —48015 — 00t 4073.804: —30G5H1 .008:
Hett 9500542 —33975  — 010 420954 —20283 .006:
20637.519 —30206  — 002 B40.795:  ~29175 012:
Rybka 1310.246 —28022  — .020: 5161.625 —023357 000
Larink 2751328  —23456 009 Hett 9500574  —20207  — .02
Miller 3858.602  —19873 012: . 20637.9¢6  —18018  —.025
4996.806 —18455 004 Larin' 2751.221 —1395] — 024
Slavenas 564.743 —17588 008: Miller 3838.405 —11820  — 027
. 627.774 17384 — 004 . 4296.522 — 106277 — 027
Greenstein 67952  —-17254 090 Slavenas 627.511 1030 — 026
Schwarzschild 8970050 . — 3330 006: Grecnstein 67520 —I020% — 076
Szcidl 86401  — 3280 — 004 Schwarzschild 8070.013:  — 1031 e
e g i T B
et K - —_ .U — lzn L0
Szeidl 735.276 - 792 — 007 Hett 412550 — 1131 — 1
30070.179 227 — 011 Szeidl 755512 — 471 0]
Belserenc 1977.553 6399 000 30070.323 125 o1}
9686.478 8693 000 Bolserenc £ ases 000
Szeidl 3415.170 11051  — 012 . 2056.0°5 5170 0
763.143 12177 — 013 Szeidl giéaow 6572~ .03

20. & — 763.227 7242 .
Roberts, Sandage PR ol T oo . a 4120198, 7929 003
Szeidl 91.943 14533 — 001 ROb.eltS, Sandage 47555 8636 000
R. Baker, 509.476 14592 001 Szeidl 91.188 8613 ~-.005
] H. Baker 6.801 15645 003 R, Baker, 509.800: 8679 000:
Szeidl 5224.273 16905 001 Speid H, Baker 5831-659 Q304 007
. 2 5 i 204,37 0034 015
Kukarkin Ohier 18131 o8 zeidl . 01 074 o 010
Szeidl 928.256 19183 002 Kukarkin 3.150 10783 .003
Kheylo 6669.329 21581 010 Szeidl 923.430 11409 010
Szeidl 7024.099 22729 008 Kheylo 6669.359 19205 013
Kheylo o35y oang 003 Sreidl B R
. .3 > .008: J -1 X AHTH 018
Szcidl 89.268 95005 Q07 Kheylo 762118 L33 013
Kheylo 8863.458 28681 .002 Szoidl £0.145 1462 071
Kheylo 8333176 17057 022

Masy, y =JD 21355009701 0% 5160007 « [T 1/P= 186040373

9L/

GL/



Author

Max Dy

Variable 119

Max ey =JD 2430000.192+4-0¢.5177411 - E; 1/P=1.9314673

Bailey 2413380 695:  —32099  —0% .007:

680,048 —31519 — .00+

4073.9%0 —30760 032

420,875 —230050 031:

810.769; —20279 037:

5161.790 —28659 .058

Hett 9500.942:  —20278 022

20637.808: —18082  — .011l:

Rybka 1340.428:  —i6725  — .026:

Larink 2751.274 —14000 — 025

Miller 3858.725; —11861 — 022

. 4296.742 —11015 — 014

Greenstein 667.970 —10208  — 006

Schwarzschild 8970.929:  — 1987 007:

Szeidl 86.451: — 1957 — .004:

0346.283: — 1262 — .002:

Hett 412.565 — 1134 .009

Szeidl 755.301 — 472 .001

30070.070: 136 — .0IT:

Belserene 1977.956 3821 — .007

2686.730 5190  — 011

Szeidl 3415.215 6597 .003

763.144: 7267 010:

4120.381 7059 .006

Roberts, Sandage 487.97) 8669 005

Szeidl 91.086 8675 008

R, Baker, 509.725: 8711 .008:

. . Baker 83187 9339 - .00l

Szeidl ° 5224.207: 10091 .008:

. 601.113 10810 — .002

Kukarkin 3.180 10823  — .006

Szeidl 928.326 i1451 — .00t

Kheylo 6669.207 12882  — .008

Szeidl 702@.377 1%562 — .g(o)g
527 1357 .

Kheylo 762.1€0 12993 014

Szeidl 89.109: 15045 .020:

Kheylo 8863.402 17120 .000
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Figure 2.

Changes in periods of stars studied (the circles
correspond to the less reliably established
moments of seasonal maxima).
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Yet, individual sections of the diagrams are parabolas. It is entirely

possible that all the changes in the periods of RR Lyrae type stars in globular 180
clusters, treated as secular up to this point, simply are the result of un-
justifiably bold extrapolation. There, observation material must be assembled

in order to answer the question of whether or not changes in the periods of RR

Lyrae type stars are evolutionary.

It is interesting to note that the O~C diagrams for stars 37 and 107 (both
belong to subtype RRC) have definite waves with almost identical amplitudes.
This creates the impression that the period, while remaining constant on the
whole, changes within small limits. The 0-C diagram for the variable 119, has
the form of a curve with a decreasing amplitu&e, indicating damping of period
oscillations. This conclusion will be valid if the curve we have drawn corre-
sponds to reality, but we cannot be absolutely certain about this for points

other than those beginning with JD 24290000.

; ' i . iSub-

, :

Siar i Period, mmax, 4 maed, z ; ¢ type
] o T N |1
01 09515733 1181 Rt S WeL el S 0 B P WA a
57 IIIeEY! 15 .31 0 .75 15 .73 0D 05 ¢
Bl RRINRRES] 15 .01 T3l 15 .65 RE i€ a
35 AUONTAG 1068 1 45 15 .60 195 53 a
0 LGOS IR00 15 .32 0 0 15 .78 180 230 b
6o GOR330E T4 T 143 13 .50 RED a
St SO9T1H08 14 86 T S B 120 ) a
93 6023007 15 .24 1 .03 15 .70 150 32 b
a4 S2060460 1400 143 iH .62 130 1 a
107 3003448 15 .40 0 .74 15 .77 A0 .03 ¢
103 5106047 14 .94 Va8 15 62 140 .53 a
119 5177411 14 .76 1 49 15 .50 170 .53 a

The light curves for all stars investigated are typical for RR Lyrae type
variables. Stars v 37 and v 107 belong to the RRC subtype, v 64 and v 93 to the
RRb subtype, and the rest to the RRa subtype. There is a slight increase in
brightness before the minimum on the light curves for RRa stars. The exception
is v 65. Based on period magnitude, v 65 should belong to the RRb subtype, but zﬁl
based on the amplitude value, should belong to the RRa subtype. Nor can the

possibility that it is different in its other characteristics from RRa stars in

M3 be ignored.
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Figure 4. The period- Figure 5. The period- Figure 6. The period-
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in M3. function in M3. magnitude'" function

in M3.

According to the data listed in Table 3, the mean apparent median magnitude
of RR_ stars is 15".58, for RR_ it is 15™.77 and for RR_ it is 15™.76. Thus, the
conclusion with respect to different absolute magnitudes for different subtypes of

RR Lyrae type stars is confirmed once again.

Taking the value of the absolute stellar magnitude of RR Lyrae type stars
to be equal to Om.O, and ignoring the difference between the Pk and the inter-
national photographic system, we obtain the apparent modulus of the distance to
M3 as

m-M = 157.64
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APPENDIX
Observations by V. V. Kukarkin
Dy { v2] |§ v37 v{0 vS5 | vbd b5 v81
L m m m m m m
2435577.540 15.16 15.54 1563 15.81 16.08 1631 16.18
8280 16.18 52 88 16.09 A5 1524 29
337 .26 74 16.04 12 12 01 14.82
S48 26 16.00 A3 1464 15.43 56 15.61
493 26 15.80 1 15.14 .36 68 78
9.250 15.92 56 1522 16.02 1603 16.10 16.28
G513 16.12 64 A4 L0 15.88 .10 .25
333 19 84 A1 02 16.08 ) 21
95.254 20 .54 49 .07 08 1580 14.97
357 23 .76 51 .00 A5 16.10 15.43
JReIst .02 .86 70 15.84 15.84 04 52
383 17 .83 92 14 .90 .68 .08 .68
420 16 98 16.05 .63 .46 .08 .74
8233 15.£8 27 20 16.12 16.08 21 16.15
265 91 24 26 13 .02 .05 34
7.286 83 77 .i6 A4 1564 .04 24
8.293 72 75 R A2 16.10 1597 .16
208 84 .88 .18 15.98 .08 .50 26
601.373 .76 B4 15.50 ke .10 .84 27
338 .80 .64 .60 .88 A2 16.04 .i9
403 84 .49 .78 92 15.94 .00 21
419 82 .50 80 16.10 .80 .0+ .20
434 &4 34 77 04 .78 .02 23
450 .86 .37 78 .09 46 15.94 21
L93 94 37 16 €0 15 27 16.13 21
526 16.06 67 02 Jé .68 06 20
2.235 .20 .96 19 .02 .83 .08  15.58
250 22 16.02 16 15.58 97 .10 .52
3G .02 15.78 i3 01 16.0: 21 74
30 1475 91 19 1467 .00 15.94 76
R .96 .92 £3 15.06 RE 24 72
G586 15.10 .76 03 .30 08 14.78 .86
572 .18 56 15.65 .53 .06 82 87
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v93

7
16.16
16.72

36
.92
97
16.18
16
27
15 .81
94
94
80
[6.15
.25
20
10
15.74

16.06
15.97
16 .11

[ T T T Y AP

v94 | olU7 | w108 vll9
m I m
1597 1564 16.12  16.i0
62 16.09 15.32 02
.79 12 68 14 .87
16.11 1538 16.10 15.52
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STELLAR ROTATION THEORY

V.V. Porfir'yev

ABSTRACT. Modern theory of the structure of rotating stars
is reviewed. A hypothesis for noncircular stellar rotations
is discussed.
Once stellar rotation was discovered by G.A. Shein and O. Struv, attempts /89
were begun to account for the possible effects on the theory of the internal
structure and evolution of stars. The great interest aroused by this problem
is quite understandable because rotation is the only dynamic element that can

be introduced into the theory.

The development of the theory of the internal structure of stars has resulted
in defining three problems of particular attention for researchers. The first of
these is clarification of the question to what degree rotation can change the
physical conditions in the center of the star. The fact of the matter is that
rotation leads to the appearance of a field of centrifugal accelerations and
stellar equilibrium is possible with a lower central pressure than is the case
for nonrotating stars. On the other hand, rotation disrupts the central symmetry
of the star. Therefore, we cannot state a priori that when the star is observed
"from the equator" and "from the pole', the same luminosity will be established
(for a specified mass). This effect can distort the mass-luminosity ratio ob-

tained from observations.

The second problem is that of the meridianal circulation that occurs in
rotating stars. Today it is quite clear that only this kind of circulation could
provide the intermixing of stellar material in the process of evolution. Since
the question of the intermixing of material is a cardinal one in the theory of
the internal structure of stars, the importance of this problem requires no

substantiation.

The third basic problem of stellar rotation theory is that of establishing
the relationship between angular velocity and the coordinates in the body of the
star. Related to this is the problem of explaining the basic observational data

on stellar rotation. What follows will point out that many of the effects ob-
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served in the rotation of stars have a simple explanation if difference in rota-

tion laws is taken into consideration. It should be pointed out that the majority

of the authors to date have paid very little attention to this problem, taking it

that stellar rotation is similar to the rotation of a solid body. However, this
assumption is valid only as a first approximation, because observations of the Zpo

sun, and of the large planets, indicate that stellar rotation is not rigid.

We should also note the close connection between the problem of stellar
magnetism and stellar rotation. At the present time, this problem cannot be

solved because of great mathematical difficulties, and an obvious inadequacy of

observational data.

There are a number of mathematical difficulties involved in changing to an
examination of rotating stars. The most fundamental of these is the conversion
to equations in partial derivatives. In addition, there are more equations de-
scribing the stellar model. At the present time there are practically no methods
for solving and investigating these sets of equations. Even their solution by
numerical methods on modern electronic digital computers requires hundreds of
hours of machine time, and is impractical. Therefore, investigations of rota-
tional effects are limited to cases of quite low angular velocities. Then these
equations can be linearized by expanding the unknown functions into small para-

meter series and taking into account only first order terms.

The solution of the linearized equations is found by expansion of the un-
known functions into a Legendre polynomial series. The rather complex system of
ordinary differential equations obtained in this way can be solved by conventional
numerical analysis methods. We note that the calculation of one model of a ro-
tating star, even assuming a rather slow rotation, requires about 30 minutes on

an M-20 computer.

Until recently, scientists felt that the assumption concerning slow rotation
was rather artificial. However, J.J. Monachan and J. Roxburg [1] demonstrated
that in the case of real models, the ratio of centrifugal acceleration at the
equator of the star to the acceleration of the force of gravity decreases with
approach to the center so quickly that rotation can be assumed to be slow, even
if this ratio is near unity on the surface of the star. The rather simple

methodology they proposed provides results, even for rapid rotation in the limit,

8o



integrating the initial system of equations. Comparison of the results obtained
by R.D. James with those obtained by the Monachan and Roxburg method, showed that 191

the latter yields highly satisfactory results.

We note that observations show an almost total absence of stars rotating at

maximum velocities.

Only in spectral class B does one find stars that rotate at velocities near
maximum (Be stars). In all other spectral classes the rotation rates were below
maximum by several orders of magnitude. These considerations show that an approxi-
mation of slow rotation is good enough, and that the results obtained are quite
adequate for practical purposes. Let us examine some of the results of calculations

made of models of rotating stars.

Unfortunately, all models were built on the assumption of rigid rotation.
Apparently, however, it can be assumed that in fact the effects of rotation have

an identical order of magnitude for any rotation law possible in real stars.

The most complete calculation of rotational effects was made by P. Sweet and
A. Roy [3] for the Cowling model. According to their results, a rotating star has
a somewhat lesser central density, and a somewhat higher central temperature. The
difference between rotating and nonrotating stars is not in excess of 10-15%, even
for very high rotation rates. An analogous result was obtained by this author [4]
for a star with a constant absorption coefficient in the shell. Thus we can
assume that taking rotation into account does not change our ideas as to the

physical conditions in the centers of stars.

A rotating star has a somewhat higher luminosity than a nonrotating one for
given mass and chemical composition. At the same time, because the conditions for
radiation transfer in the equatorial plane and in the direction of the polar axis
are different for a rotating star, the polar regions of the star are hotter than
the equatorial regions (the so-called gravitational darkening). This results in
the observed luminosity of a star being greater if its axis of rotation is paral-
lel to the line of sight than if the line of sight lies in the equatorial plane.
The difference in observed absolute stellar magnitudes can be Om.5 in the case of

slow rotation [1], and even 1.0 in the case of very rapid rotation [3].

The difference in the temperatures of the polar and equatorial regions in-
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dicates that the spectral class of the star is a function of the orientation of

its axis of rotation. The nature of the latter's shift on the spectrum-luminosity

diagram is clear from the figure.

This effect is substantial even for low rotation rates, although its magnitude

is proportional to the square of the angular velocity. It is absolutely essential

that gravitational darkening be taken into account when constructing the spectrum-

luminosity diagram, especially for early spectral classes. Unfortunately, the

difficulties involved in determining rotation rates have resulted in most of the

papers devoted to investigation of the spectrum-luminosity diagram completely ig-

noring these effects.

Thus, the conclusion is that taking rotation into account is unimportant when

knowledge of the physical conditions in the center of the star is definite. Spe-

cifically, consideration of rotation can scarcely change the computed periods of

evolution to any significant extent. On the other hand, comparison of evolutionary

tracks with the observed distribution of stars in the main sequence undoubtedly

requires consideration of gravitational darkening.

o 1 At the present time it is considered that meridianal
e

T T

T T

430 425 420 445
T . . . . -
circulation cannot ensure intermixing of the material in a

'4£ N - rotating star because this circulation takes place ex-
_“{ )zhihi\ tremely slowly. This conclusion is based on the fact that
Ji . ;?;@. .j the theory of evolution, which was developed on the assump-
‘Zr )%;?J%, " tion of an absence of intermixing, is in good concordance
_I} Qé?;o with observations, and on the fact that calculations show
! %? an exceptional slowness of meridianal circulation.
ML : .
bz & s Ao The very existence of meridianal circulation in
rotating stars was postulated by A. Eddington after it was proven that the equa-
tions of radiative transfer cannot be satisfied in a rigidly, or barotropically,
rotating star [5]. The first attempts to determine the rate of meridianal cir-
culation were made by A. Eddington [6], and yielded a very high value for the

meridianal flow rate.

However, a more precise and detailed examination of the

question, made by P. Sweet [7], revealed that the value of the meridianal cir-

culation rate in a rotating star is much lower than the value obtained by A.

Eddington.

It was

/93

shown that the meridianal circulation rate can be found

through the expression
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Q \2
V,=(1—3/,sin*®) p () ML* R® (@) [cm/sec], (1)

where the mass, luminosity, and radius of the star are expressed in solar units;

p(z) is some coordinate function that can be tabulated for any model.

Calculation revealed that for the Cowling model the meridianal circulation
rate for the most rapidly rotating stars does not exceed 10—3 cm/sec. This author
[8] computed the circulation rates for a model with a constant absorption co-
efficient for several rotation laws. Estimates yielded values of the meridianal

3

circulation rate of the order of 10 - to 10_1 cm/sec, and this is in good con-

cordance with Sweet's results.

The meridianal circulation rate, even for submaximum rotation rates, is
sufficient to provide intermixing of the material for a period of the order of
6

10 to 107 years, and one that is very short when compared with stellar evolution

periods.

However, when there is meridianal circulation, material enriched with helium
is carried away from the energy-releasing nucleus of the star. As L. Mestel [9]
has pointed out, this results in the occurrence of a nonsymmetrical distribution
of the molecular weight, and this, in turn, results in the formation of a merid-
ianal circulation (u-flows) in the shell that is opposite in direction to the
Sweet-Eddington circulation (Q-~flows), and completely cancel the latter. 1In
other words, the carry out of material with a high molecular weight from the

nucleus results in '""blocking" the exchange of material.

The assumption of rigid rotation raises objections to the Sweet-Mestel
theory. Actually, as this author himself has pointed out [10], if we sub-
stitute the value of the meridianal flow rate in the Euler equation for the
¥ velocity component, it is easy to prove that rigid rotation can be sustained
over a time interval significantly shorter than 106 to 108 years. When merid-
iangl flow is present in a star, there must be established a rotation law,
characteristic of which is equal distribution of the rotational moment along
the line of flow and equatorial deceleration, in contrast to that observed for
the sun. The action of Mestel's p-flows causes the meridianal circulation to

take place beyond some radius ru. It is only in this zone that the rotation law

£9%
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holds. Thus, some additional mechanism is needed to sustain rigid rotation in
the star. The mechanism could be a magnetic field, for example. However, what
is not clear is the effect a magnetic field has on meridianal circulation and how

valid are the results of P. Sweet and L. Mestel.

The Sweet-Mestel theory produces a number of unavoidable discrepancies for
models different from the Cowling model. The meridianal flow rate is infinitely

high on the boundary of the convective nucleus, or near the py-barrier [11].

R.S. Smith [12] tried to take non-zero boundary conditions into account in
the meridianal circulation problem. However, the meridianal flow rates he ob-
tained at the boundary of the star were very high (of the order of 1060, where
o is the ratio of centrifugal acceleration to the acceleration of gravity).
Moreover, the radian component of the meridianal flow rate does not tend to zero
with approach to the surface of the star, and this contradicts the condition of
stationarity. Finally, no assumptions can remove the discrepancy in the merid-
ianal flow with approach to the boundary of the external convective zone. All
of which leads to the conclusion that the problem of meridianal circulation in

rotating stars is far from solved at the present time.

In recent years it has become clear that central to the theory of the inter-
nal structure of rotating stars is the rotation law question. Although taking
nonrigidity of rotation into consideration does not change our conceptions of the
effect of rotation on physical conditions in the central regions of the star, and
although our conclusions as to the role of gravitational darkening remain, know-
ledge of the true rotation law for stars will enable us to answer many important
and interesting questions dealing with theory and to once again pose the problem

of meridianal circulation in rotating stars.

The law of stellar rotation is defined by the conditions prevailing for the
transfer of angular momentum. The rotation law for a standard model was examined
in detail when the transfer of momentum is by a radiation equilibrium flux [13,
14]. The results are of great interest in connection with the investigation of
giants and supergiants. A rotation law, attributed to the effect of a magnetic
field, was calculated by V. Ferraro, and was in good concordance with Fay's law
[15). J. Wasiutinski [18], L. Bierman [16], and K. Elsasser [17] have recently

made detailed investigations of a rotation law defined by the effect of turbulent
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friction. In particular, L., Bierman and K. Elsasser showed that equilibrium
rotation is not rigid in the case of nonisotropic friction. The rotation law

then is defined only by a field of turbulent velocities.

These results are exceptionally important in the investigations of the
rotation of convective zones and nuclei. Unfortunately, our present knowledge
of the true distribution of the velocity field in convective zones and nuclei
does not permit us to make a concrete calculation of the rotation law that takes

nonisotropic internal friction into account.

This author has pointed out [10] that stationary rotation of stars is possible,
generally speaking, only in two cases. The first, already discussed earlier, corre-
sponds to an equal distribution of the rotational momentum along the line of flow. In
the second case the absence of meridianal circulation is postulated. The rotation
law for the sun was computed by M. Schwarzschild [19] and J. Roxburg [20] for this
latter case. This author computed the rotation law for stars with large mass [22].
The following examination of the theory of the internal structure of rotating stars
for the case when the rotation law is defined by absence of meridianal circula-

tion will result in an explanation of practically all the observed facts.

The rotation law when there is no meridianal circulation is defined by the
condition of the compatibility of the hydrostatic equilibrium equations. It
appears that the j-t component of the expansion of the square of the angular velo-
city into a Legendre polynomial can be represented in the form [21]

3

2z, =8(’;_(2j+ ].)(2j+3) né ¥ 5 9/—Jr—zdx, (2)
J41 i +2
0
where
ég is the Kronecker delta;
E is the Emden radius;
n is the pseudopolytropic indicator;
Aj is a coefficient defined by the boundary conditions;
Qj is a known function of density, temperature, and their derivatives.

Physically the function Qj is defined as the corresponding component of the ex-
pansion of the vector product of the density and temperature gradients as a

Legendre polynomial. For a polytropic gas sphere, and also for the case when 196
Rotation in this case

the pressure is a function only of density, all Qj = 0.
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should be rigid. In all the other cases Eq. (2) describes baroclinic rotation.

It is completely obvious that the function Qj cannot change signs throughout
the star, although it is not monotonic. This makes possible the evaluation of
the behavior of the angular velocity as a function of the radius without making
the complete calculation of the model. Actually, the function Qj equals zero at
the boundary of the convective nucleus, and does not change sign elsewhere in
the star. Therefore, the sign of Qj is determined by the sign of its derivative

on the boundary of the convective nucleus.

Using the boundary conditions for a model with a constant coefficient of

absorption in the shell, it is not difficult to obtain the expression

2
sign {Q,;} = sign {(; . é’_) _ On} : (3)

dn

the sign of the magnitude enclosed by the brackets determined the sign of the

derivative of Q on the boundary of the convective nucleus and, as a result, the
sign of Q.

The angular velocity decreases toward the surface, or increases, depending
on the sign of Q. Since the behavior of the angular velocity is determined

primarily by the magnitude z and since the coefficient A2 is essentially nega-

O’
tive, we find that if Q is positive, the angular velocity will increase from the

center to the surface.

Readily seen is that the magnitude of Eq. (3) will depend on the radius of
the convective nucleus. Numerical estimates show that if the convective nucleus
occupies less than 30% to 35% of the radius of the star, Q will be negative, and
this corresponds to a decrease in the angular velocity outward. When the radius
of the convective nucleus is large, Q is positive, and in the equilibrium case
the angular velocity should increase toward the surface. Comparisons of these
results with known models of stars show that the sign of Q should change in the
region of the spectral class BO-B2. A more precise evaluation is impossible.
This qualitative result leads to a number of conclusions that can be significant

for stellar evolution.

Let us now examine stellar rotation in terms of different stages of devel-

opment.
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At present, the formation of stars is thought to be accompanied by some 197
rotational moment, characterized by macroturbulence in a protostellar cloud.
The entrapped rotational moment can be less than the maximum possible because
the very rapid compression of the star results in the development of maximum

rotation rate.

Further compression of the star must be accompanied by loss of rotational
moment, and, consequently, loss of mass. This creates the impression that the
loss of mass takes place at a rate that provides for loss of a significant part
of the mass of the star for the time of its evolution in the stage of gravita-
tional compression. However, a detailed calculation (the details of the cal-
culation will be published separately) shows that this conclusion is incorrect.
It appears that if the loss of mass occurs from the entire surface of the star,
and if the terminal rotation rate is less than the maximum by a factor of 10
(determined in the terminal state), and the radius of the star decreases by a
factor of 64 during compression, the loss of mass will be 47% of the initial
mass. In a real case, when compression is less, and the terminal velocity is

30% to 4O% of the maximum, the loss of mass will probably be but a few percent.

A more probable rotation law for the gravitational compression stage is
rigid rotation attributed to the high value of turbulent friction. According

to references [16, 17, 18] it can be anticipated that the rotation law will

"differ from a rigid law, but qualitative considerations lead to the conclusion

that the difference is significant only in the outer layers of the star.

The star experiences substantial reconstruction with transition to the main
sequence stage. The star's internal layers are compressed, and the new rotation
law can be characterized by a decrease in angular velocity toward the surface.
Preliminary estimates provide a basis for the assumption that a noncirculating
rotation law is automatically established for stars later than B5-B7. The dis-
tribution of rotation rates in terms of spectral classes is determined exclu-
sively by losses of mass during the process of evolution at the gravitational
compression stage. The assumption that the rate of loss of mass has little to
do with the mass of the star is quite acceptable. In other words, a star with
less mass, in general, loses more of its rotational moment during the process
of gravitational compression, than does a star with large mass, because its

evolution time is longer.
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The automatic establishment of nonturbulent rotation is impossible in the £98
case of stars of early spectral classes because this would require greater com-
pression of the outer layers. In other words, we would have to expect a decrease
in the effective polytropic indicator with transition to the main sequence stage,

and this is impossible.

Thus, rather strong circulation can be expected in the case of stars of
early spectral classes. There is a good deal of observation data in favor of
this assumption. First of all, when circulation is strong, the rotation law is
characterized by the equal distribution of the specific angular momentum, and
the observed linear rotation rate should decrease. Since the meridianal circu-
lation rate in this case is determined exclusively by the deviation of the true
rotation law from the nonturbulent law, the decrease in the observed rotation
rate should be greater for the earlier stars, and this is in good concordance
with observations [23]. In addition, an increase in the meridianal flow rate
should result in an increase in the macroturbulence in the outer layers of the

star, and this is well substantiated by observations.

The transition to the main sequence stage in all cases is accompanied by a
sharp increase in the angular velocity of the central regions of the star. How-
ever, it is difficult to accept the assumption that this increase can break down
the stability of the star, as J. Roxburg suggests [24]. The corresponding cal-
culations show that restructuring the star from a polytrope {(n = 1.5) to a real
model with a radiative shell does not upset stability. These calculations will

be published separately.

Stability should be provided automatically for the rotation law without
circulation, right up to the point of exhaustion of the hydrogen in the nucleus
during the evolutionary process at the main sequence stage. The star begins to
undergo reconstruction at this time, and strong circulation results. It is
probable that this effect, one that is similar to the Mestel u-flows, hinders
the intermixing of material between nucleus and shell. No detailed calculations
have as yet been made of this circulation in an inhomogeneous star, and it is
unlikely that they can be made successfully, given the present state of computer
technology. All that can be said is that a linearized system of equations can-

not be used in this case.
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The formation of meridianal circulation should lead to the establishment
of another rotation law and, consequently, to a reduction in the observed rota-
tion rate. This effect, according to I.M. Kopylov [25], is observed in all
stars of class III luminosity within the main sequence. In addition, we know
that all stars on the upper edge of the main sequence are either variable, or
peculiar. Qualitatively, this is in good concordance with the theory developed
above. It is entirely probable that the occurrence of meridianal circulation
upsets the oscillating stability of the star and that rotational oscillations
develop in the star [26]. Given certain assumptions, we can compute the contours
of the lines forming in stars in which radial oscillations are complicated by a
variable meridianal circulation [27]. The results of the calculation are very
preliminary in nature, but show that changes in the contours of the lines for

BCMa type stars can be explained similarly.

It is interesting to consider the fact that when there is variable circula-
tion without any radial pulsations, the change in the spectral lines is such that
it will be interpreted as ordinary pulsations. It should be pointed out that no

one has yet taken this fact into consideration.

More reliable information on the rotation laws for stars can be obtained by
examining the radial velocity curves for eclipsing-binary stars. Unfortunately,
the difficulties involved in observing and interpreting the spectra, and the
presence of gaseous flows in binary systems complicate the problem so much that
obtaining unambiguous information is extremely difficult. On the other hand,

a rotation law with equatorial deceleration can be expected for eclipsing-binary
stars. References [28, 29] have pointed out that the observations do not, at

the very least, contradict this assumption.

A theoretical determination of the rotation law for the sun would be most
interesting because it could be verified directly by observations. Unfortunately,
the problem is made extraordinarly complicated because of the sun's powerful
exterior convective zone. A complicating factor is the effect of turbulent
friction which, as a practical matter, cannot be taken into consideration,
given the present state of our knowledge of motions in a convective zone. How-
ever, if it is assumed that the coefficient of internal friction is extremely
anisotropic, but that its horizontal components are small, the observed rotation
law should agree with the rotation law for the lower boundary of the convective

zone.

/99

1100

89



Thus, the assumption that the rotation law for a star at the main sequence
stage is determined by the condition of absence of circulation, allows us to
explain practically all the facts now known about stellar rotation, and to re-

duce them to a single system,

The particular importance of considering rotation during critical recon-
struction of a star should be pointed out. Meridianal circulation can develop,
and rotational oscillations can occur, at the moment of reconstruction in a
star. The possibility that this will lead to '"feeding" hydrogen to the energy-
releasing zone, to the intermixing of material, and to other, similar effects,
cannot be overlooked. It is quite possible that rotation can stabilize a col-
lapsing star. Unfortunately, at the present time it is difficult even to form-
ulate these questions precisely. But there is no basis for saying they are a
long way from solution. Investigation of stellar rotation is of special signi-

ficance for the development of a complete theory of stellar evolution.
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INVESTIGATION OF INTERSTELLAR ABSORPTION AND
DISTRIBUTION OF STARS IN THE REGION

- h__m _ o
¥1950.0 = 19 225 61950.0 = +17

V. I. Kuznetsov

ABSTRACT: Absorption and distribution of stars is investi-

gated in the ¥1950.0 = 19hao2om, 51950.0 = +17° region.

Interstellar absorption is calculated for Ypg = 4.0. The

line of sight is shown as passing through the arm of
Sagittarius and that the maximum stellar density appears
near the sun at distances of 100-300 parsecs. The lumi-
nosity function for this region is shown to agree with
the luminosity function obtained by S. McCuskey.

The ¥1650.0 = 1gha2m, 51950.0 = +17° region is located near the galactic /102
equator at a "fork' in the Milky Way. It is characterized by an absence of
type 0-B2 stars. It is included in P. P. Parenago's plan [1]. The boundaries

, h
of the region are 191“16m to 1928™ along o, and 16° to 18° along 6.

Interstellar Light Absorption

The catalog of photographic, photovisual magnitudes, and the spectral

classes of stars in this region [2] was the basis for the investigation of
light absorption by the color excess method.

Spectral classification was made by a colleague at the Abastuman Astro-
physical Observatory, S. P. Apriamashvili. The classification was made from
three photographs taken with the Abastuman 70-centimeter meniscus telescope
with a 8-degree objective prism (dispersion was 166 X/mm near Hy)’ using the

MKK atlas [3] and the Abastuman system of criteria [4].

The normal color indicators, CIO, were determined by the Elvius method [5].
Table 1 compares the values of CIO obtained with the CIb values taken from the

Allen tables. CIé ~ CIO was assumed equal to zero for stars of spectral class

earlier than B8.

The entire region was broken down into twelve sectors in order to establish
the boundaries of areas with identical absorptions. The color excess, CE, for
each sector was constructed as a function of the uncorrected distance modulus
m - M. Sectors with the same CE behavior were combined, and the region was
broken down into five sectors with identical absorption (Figure 1).

The graphs of the relationships between CE and m - M corresponding to

these sectors are shown in Figure 2.
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The relationship between total photographic absorption and distance was

found from Table 2 [ (m - M)O is the true distance modulus; A is the value of

the total photographic absorption; R is the distances in parsecs].

Figure 3

shows the absorption curves for each of the five sectors of the region.

TABLE 1.

/103

_}{__VIHA(.)“- A7 I_Fp ]_FE-[ Fs >l'1=;5 | F8 | Go |702 | G3 j GS | Gs ‘ Ko | X2 Kb

Cl, —0.18 0.10 018 022 0.27

¢, -0.18 009 019 023 029 03!

029 035 035 042 049 054 072 087 10O}
034 040 048 O i

.53  0.62 078 091

The value of the coefficient Y (when conversion is from selective absorp-

tion to total) was taken as 4.0, computed using the empirical relationship

between absorption and the Whitford wavelength [6].

O] T .
T

” " \ ®

I \m‘

gt % 20 el

Figure 1.

CE - !

/]
X1
121 /—_-/

10

v
24
22-
a0l -——=—
04 —Y
az}p (4
Y% 7 & ¢ w o 2 nN
Figure 2.

Heaviest absorption was observed in
sectors I and IV. Absorption in these
sectors begins at distances of 100 and
170 parsecs respectively, then increases
sharply, and at a distance of 1 kilo=-
parsec from the sun takes the value 2™ 0.

The mean dimensions of the most heavily

absorbing clouds are 90 and 140 parsecs.

Sectors II and V are characterized
by relatively light absorption. Here
absorption gradually increases with
distance, reaching 1.0 at 1 kiloparsec.
In sector V the distance interval 700~ 1104
2750 parsecs is almost free of absorbing

matter.

In sector III absorption began at a
distance of 380 parsecs from the sun,

increased sharply to 1™.2 at a distance

of 560 parsecs, then increased slowly to 2™,0 at a distance of 2 kiloparsecs.

The mean magnitude of the coefficient of light absorption near the galactic
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plane, computed by S. McCuskey [7], is equal to Om.9 at 1 kiloparsec. The
investigated direction is characterized by heavy absorption, reaching 2™.0 at 1105
1 kiloparsec in certain sectors of this region. However, a comparison with

the results of the investigations made by colleagues at the Main Astronomical
Observatory of the Academy of Sciences of the Ukrainian SSR in adjacent regions,

and in lesser longitudes of the constellation Aquila, shows that absorption in

the region under investigation (the region is located in the northern part of

the constellation Aquila) is significantly less.

Comparison of the absorption curves obtained with the results for adjacent

regions investigated by G. L. Fedorchenko [8, 9], shows concordance.
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20 Spatial Distribution of Stars. The
10 densities of stars in various spectral
ool J ' classes at different distances from the
20 sun were computed for the region as a

whole according to the true distances of
or the stars, and their spectra. In computing
ao ' ’ ' ' I the stellar densities, the list of stars
10} 7 ' [2] was supplemented with bright stars
ao KX @w X ﬁma ‘J‘APS froT the A.GK2 catalo?. Th? value of the

maximum stellar magnitude is mPg = 12.5.

Figure 3.

Stellar densities, computed for 103
parsecs3 are listed in Table 3 (n is the number of stars in a given spectral

interval; 8§ is the stellar density).

TABLE 3. /106
N s ’ ' L] ] .
\\ 0-B2 B5 B8-A0 A2-A5 ’ FO-F5 dF8-G2 ( dG5 gF8-K
N — — _
N n 3 n 3 n H n ) n ) n 3 n ) n 14
RN
0— 100 — — = = —~ - = 3 493 10 1642 4 657 — @ —
100— 200 — —~— — 3 070 3 070 14 327 25 58 13 3.03 — —
200— 300 — — — —~ 2 017 9 078 19 164 36 3.l1 — —
300— 400 — — — = 3 013 6 027 18 0.80 — —
400— 500 — — 1 003 2 005 6 0.16 3 0.08
500— 600 - — = — 3 005 9 016 3 005
600— 700 — — @— - 2 003 11 014 8 0.0
700— 800 — — 1 ol 4 0.04 6 0.06
800— 900 1 001 — — 5 0.04
900—1000 1 001 — — 4. 002
1000—1100 — — — — 3 002
1100—-1200 — — =1 000 7 003
1200-1300 — — @— - 6 0.2
1300—1400 — — — =
1400—1500 — — — —
Mean & 3 0.003 44 0.033 44 0.21 54 1.385 71 4.32 17 3.49 20 0.07

The region is characterized by the absence of early type stars (0-B2). This /107
fact, obviously, indicates that the line of sight in the given direction passes

to the north of the Sagittarius arm without intersecting it. The densities of
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stars B8-AO, A2-A5, as will be seen from Figure 4, reach their highest values

in the immediate vicinity of the sun:

at distances of 100 to 300 parsecs.

In general, the densities of the stars in the various spectral classes decrease

gradually in the direction investigated with distance from the sun.

°

06+
o4t
02

Go

cot
a4}
02f

A2-AS

50 000 R,Ds

Figure 4.

lJ' olg+10

|

Figure 5.

The luminosity function was computed through the formula

where

- (‘M—Ms)‘
. € 25§
}/ 2ro,

M is in absolute magnitudes;

D(r),

MS and O are the mean value of the absolute magnitudes and their dispersion

in a given spectral interval;

D(r) is the stellar density for the given interval.

Table 4 lists the values of the function Ms’ GS and D.

Figure 5 compares the computed luminosity function (curve 3) with the Van

TABLE L.

s | M, | o5 D
BS —10 407  0.003
BS-A0 0.1 08 0033
AZ-A5 1.6 0.8 0.21
F0-F5 36 0.8 1.385
¢F8-G2 5.0 0.8 4.32
4G5 6.2 0.8 3.49
gF8-K 1.3 08 007

/108

Rhijn (curve 1) [10] and McCuskey (curve 2) [7] functions.
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STRUCTURAL ANOMALIES OF THE MILKY WAY IN
LONGITUDES 338-22°

V. I. Kuznetsov

ABSTRACT: The results of the investigations of references
[1-20] are generalized. The existence of a dust bridge be-
tween the spiral arms of Sagittarius and Carina-Cygnus is
confirmed by data on the distribution of absorbing matter.
The stellar arm of Sagittarius and hydrogen are compared,
as is the spatial density of B8-AO and A2=-A5 stars with the
density of the absorbing clouds. In general, an increase,
or decrease in the density of the absorbing matter between
the spiral arms of Sagittarius and Carina-Cygnus corre-
sponds to the stellar density of B8-AO and A2-A5 type
stars.

This article generalizes the results of investigations [1-20] of, and draws 4109

conclusions about, the structure of the Milky Way in longitudes iI = 338=-22°.

! .
: Figure 1 shows the arrangement of
T S, 9 g

2=t the areas within the selected longitude

region. The coordinates o and 8 are

+10° equated to the era 1950.0.
f - The Dust Bridge Between the Sagittarius
¢ LS °C ]
<’ +0* and Carina-Cygnus Spirals
N - References [1=20] contain the different
&)
N -10° values of the coefficient Yy, used in con=-
_
;J;—' verting from differential to total absorp-
2, H—
—lzr tion. One value must be used to insure
- \ uniformity of the data on the distribution /110
19%48™ 1ghoom 800"

of absorbing matter, and of stars in space.

Fi 1.
igure The values of ng most probable for the

international system, 4.0, was used. The results obtained by Whitford [21], and
by Blanko [22], served as guidance in selecting ng%

The absorption-distance functions cited in references [1, 8, 131, were re-

computed usin = 4.0.
P g ng

The distribution of the absorbing matter within the limits of the longi- 1112

tudes and distances studied can be investigated in detail by using the absorption
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curves for all areas examined.
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Figure 2.

Figure 2 shows the change in absorption, AA = AN - AN-lOO’ as a function
of the galactic longitude at different distance intervals from the sun, taken
every 100 parsecs. The magnitude AN denoted absorption at distance N, where
N = 200, 300, ..., 1200 parsecs. At distances greater than 1200 parsecs from
the sun, AA changes in the limits 0.00 to o™.10.

The bulk of the absorbing matter (see Figure 2) is located up to 1 kilo~

parsec from the sun in the longitudinal limits O to 18°. Between longitudes

338 and 0°, where the spiral arm of Sagittarius passes closer to the sun, there

is less dust matter. The dashed line shows those places where no data are

available on absorption.
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The mean absorption coefficient D, expressed in stellar magnitudes per

kiloparsec, as a function of the longitude ! is shown in Figure 3.

The density of the dust matter increases with distance from the arm of
Sagittarius in the direction of higher longitudes. The maximum value of the
magnitude of D is between longitudes 9° and 12°, The density of the dust matter

decreases sharply between longitudes 18° and 22°.

Only those areas comprising a dust layer bounded by latitudes *1.5° were

used in plotting AA and D in terms of 1.

The values of AA were taken from the total absorption curve [10] between
longitudes 338 and 348° when plotting AA in terms of {. The values of D were
taken for those areas lying directly on the galactic equator [11] when plotting

D in terms of 1.

Thus, the interval of longitudes investigated can be characterized by very

heavy interstellar absorption of light.

The data obtained on the distribution of absorbing matter confirm the
existence of the dust bridge between the Sagittarius and Carina-Cygnus spirals
already pointed out by I. I. Pronik [24]. Another result obtained is that the
dust bridge ends in longitudes 18° to 22°.

The Eos;tion of tpe Sgg}ttarius Arm

Comparing the position of 0-B3 stars with the distribution of neutral
hydrogen, it can be noted that in general, the hydrogen arm of Sagittarius is
shifted somewhat relative to the stellar arm and is adjacent to it on the outer
side relative to the center of the galaxy (Figure 4, the dots are plots of 0-B3
stars in the plane of the galactic equator; the dashed lines are the axes of
two parts of the Sagittarius arm and the direction of the arm, as determined by

I. M. Kopylov [23]).

Early O0-B3 stars in the region, investigated by V. I. Voroshilov [3-7] are
located at distances of from 1200 to 3000 parsecs. By using the converted
absorption curves in the two regions investigated by S. P. Apriamashvili [1, 2],
and the catalog of stellar magnitudes and spectra he compiled, we can obtain

the values of { and R for the 0-B3 stars in the given directions. The regions
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investigated by S. P. Apriamashvili were studied at relatively long distances
from the sun, thanks to the presence of photometric and spectral material on
the weak stars. Since the region investigated by S. P. Apriamashvili in the
constellation Aquila overlaps the region investigated by V. I. Voroshilowv,
the t and R values for the 0-B3 stars are plotted in Figure 4 at distances

greater than 3 kiloparsecs.

The Spatial Distribution of B8-AO, A2-A5 Stars

The density, 8, of B8-AO and A2-A5 stars as a function of distance is shown
in Figure 5 (the hatched rectangles show the disposition of the dust clouds). [11k
The height of the hatched area is proportional to the mean absorption co=-
efficient in the individual clouds, d, expressed in stellar magnitudes per
kiloparsec. The graphs are disposed from bottom to top in order of increasing
longitude. The longitude interval 338°-348° corresponds to the investigations
of I. I. Pronik [9-12]; 354°~357° to S. P. Apriamashvili [1, 2]; 2°30'-~4°00'-
6°301-8°30' to V. I. Voroshilov [3=7]; 11°241=12°141-13°48t=1L°~36' 10 V. I.
Voroshilov and E. P. Polishchuk [8]; 14°36'-17°00'~-18°00' to G. L. Fedorchenko
[14-17]1; 18°00'-20°16' to the author [19-20]; 20°16'-22°00' to G. L. Fedorchenko

[1817.

To be noted here is that beginning at longitude 338°, corresponding to the
shortest distance of the Sagittarius spiral from the sun, the stellar density of
B8-A0 stars, and the density of the absorbing matter are insignificant. The
spatial density of B8-AO stars begins to increase in the direction of higher
longitudes with distance from the Sagittarius arm. The density and amount of
absorbing matter also increase. The maximum stellar density of B8-A0 stars is
in the longitude limits 11°24' to 14°36'. Between longitude limits 14°24' and
22°00' there is a gradual reduction in the density of the absorbing matter with

reduction in the stellar density.

Analogously, there is a gradual increase in the density of A2-A5 stars,
and of the absorbing matter, with distance from the Sagittarius arm. It should
be noted that the increase in the density of A2-A5 stars takes place over a

wider longitude interval than it does in the case of B8-AO stars.

Comparison between the maximum stellar densities of B8~AO and A2-A5 stars

with the density of the absorbing matter shows that the correlation of the maxima
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becomes more apparent with distance from the Sagittarius arm.
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The stellar densities of B8-AO and A2-A5 stars were computed using S. P.
Apriamashvili's data [1, 2]. The spatial density of B8-AO stars is roughly
uniform to 1500 parsecs, but in the interval between 1500 and 2100 parsecs it
decreased in bounds by a factor of three. The stellar density of A2-A5 stars
fluctuates somewhat to 800 parsecs, then gradually decreases with distance from

800 to 1500 parsecs.

It can be said that the sites of increased stellar density correspond to
the heaviest concentration of dust matter. The increase, or decrease in the
density of the absorbing matter in the dust bridge between the Sagittarius and
Carina-Cygnus spirals correspond to an increase, or decrease in the stellar

density of B8-AO, A2-A5,
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